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ABSTRACT
This dissertation presents the impact fabrication conditions have upon layer
composition, purity, and interfacial clarity of multi-component thin films on both rigid and
flexible substrates. The performance of the multi-functional thin films is directly linked to
the macroscopic assembly in a thin film. Prior to production of a novel thin film systems,
the suitable fabrication methods required for optimum performance must be determined.
Oftentimes, this is pursued on a tedious trial and error basis. Thus, guidelines established
upon the thermodynamic and kinetic properties of the thin film are essential for improving
processing efficiency and enhancing overall product performance.
Chapter Two of this dissertation outlines the procedure for a novel method of
quantifying the stratification of polymer blend thin films. Application of this technique
revealed definitive control over the final film depth profile simply by altering the
processing conditions. Instead of simply stating the effect of processing condition upon the
final film depth profile and the extent of stratification, each processing condition was
reported as the thermodynamic and kinetic properties of fabrication. Chapter Three
expands upon the thermodynamic driving forces responsible for stratification outlined in
Chapter Two and describes a hierarchy of thermodynamic properties responsible for
stratification. Both Chapter Two and Three investigate the vertical stratification of a
polymer blend. Chapter Four considers the lateral phase separation of the blend under the
same thermodynamic and kinetic parameters. Chapter Five investigates the extent of

v

control substrate rigidity has upon the order of the thin film and the order at each interface
of sputtered multi-layer thin films.
Ultimately, this work provides strong evidence that each processing parameter
influences the entire structure of thin films. Control of polymer processing (either as a
blend or as substrates) is crucial for product and thin film fabrication. The lack of control
during processing will result in inconsistent final film structures, a film feature known to
impact product performance. With the knowledge of stratification control and substrate
influence upon final film structure, this information can be tailored to a diverse collection
of polymer blended systems and endless multi-component applications.
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CHAPTER ONE INTRODUCTION

1

Surface Coatings
Surface coatings are used to protect a structure against environmental contaminants
or to improve its aesthetic properties. Many of the first coatings were paint based, however
many other functional coatings impart surface focused properties such as scratch
resistance, anti-reflective properties, corrosion resistance, flame retardance, etc. Metal,
ceramic, porcelain, and natural and synthetic polymers have all been applied to surfaces to
provide such specific properties. One of the most commonly used metal coatings is zinc,
or galvanization, to protect steel from rusting. Porcelain and ceramic coatings are also
widely used to improve the appearance of products. Improvement of coating quality is most
commonly completed through compositional modifications such as improving purity,
including additives, or changing the source of the material. Often the material’s source
maintains a specific chemical composition of the material—a property shown to impact the
overall effectiveness of the coating.1 The role of polymeric materials as coatings has
become increasingly important due to the capability to intelligently design and control the
chemistry and functionality of polymers in a cost effective manner.
The idea of polymers and polymerization was introduced in the mid 1830’s,
however, the chemical understanding of polymer science was not developed until almost a
century later.2 Since then, the capabilities and applications of polymer chemistry continue
to broaden. Polymers are now used in cell phones, tires, food packaging, and dentistry.
Utilizing polymers for these applications, rather than metallic alloys or ceramic materials,
provides the benefit of polymer property customization based upon the chemical
2

composition and polymer architecture. Careful synthesis can provide various polymeric
architectures such as linear polymers, block copolymers, random copolymers, combs,
bottlebrushes, and star polymers. Access to these architectures provides additional handles
to tune surface sensitive or bulk properties such as viscosity (chain mobility), thermal
properties including melting temperature, and mechanical properties such as impact
resistance. For example, polyethylene can be synthesized with varying amounts of
branching and the degree of polyethylene branching dictates the density, viscosity, and
crystallinity.3,4 This molecular level control translates to alterations of macroscopic
properties to provide endless opportunities for new polymer applications, including surface
modification and coatings.
Recent efforts in polymer chemistry have focused on preparing multi-component,
multi-functional polymer systems. These polymer systems range from nanocomposites,
polymer blends, or dual-functional block copolymers. Polymer nanocomposites are
defined as a polymer matrix containing a dispersed phase of particles with at least one
dimension on the nanoscale.5 The inherent properties (mechanical, thermal, optical) of the
nanoparticles are provided to the composite and a new material with enhanced versatility
is obtained. For example, carbon nanotubes provide remarkable strength to composite
materials without adding significant mass to the material, an issue with traditional metal
additives.6 Nanocomposites containing carbon reinforcement are ideal materials for
aerospace technologies to reduce fuel consumption and aircraft drag.7 However, the added
small molecules or nanoparticles pose a threat of leaching over time.8 Nanoparticle or small
3

molecule leaching reduces the observed properties of the composite, leading to material
failure and reducing the composite lifetime. One method to circumvent small molecule
leaching is to use larger polymer additives to create polymer blends or to connect two
polymers as block copolymers. Polymer blends are mixtures of two or more polymeric
materials, while block co-polymers are defined as linear blocks of two (or more) polymeric
materials covalently bonded at a single location.9,10 The blending or bonding of two or
more materials leads to new or a larger arsenal of material properties, without the
implications of small molecule leaching. However, mixing polymers does not always elicit
a homogenous system. In fact, polymer mixing is generally unfavorable and leads to
macroscopic phase separation while the physical connection between incompatible
polymers leads to an abrupt transition of chemical and/or physical properties dependent
upon the interactions and properties of the polymeric materials in the copolymer.10–12
Compatibility between the polymers in the system is essential for the development of
homogenous, processable, functionable polymer blend or block copolymer systems. Thus,
rather than combining specific polymers, incorporating multiple structural functionalities
responsible for the desired properties into a single polymer can improve the versatility of
the coating and permits the optimized protection of a surface.
Many applications utilize multi-functional polymers, such as random copolymers,
as protective coatings.13–15 A random copolymer is a polymer consisting of two or more
monomeric constituents connected in a random order.16 Random copolymers allow for
simplistic modification of the chemical composition through the ordering or the relative
4

ratio of monomers present in the polymer backbone. Chemical modifications also impact
the macroscopic properties of random copolymers such as the surface energy, mechanical
strength, and thermal properties of the polymer.17–19 As an example, random copolymers
are often used in anti-fouling applications to tailor the hydrophilicity of the polymer by
controlling the ratio of hydrophobic to hydrophilic functional segments.18 The
hydrophilicity of an anti-fouling material is important because bacterium and other foulants
have specific environments that foster population growth. To combat the fouling, the
polymeric surfaces are engineered to maintain a specific chemistry to ward off and
discourage bacterial attachment and growth.20 Foulants are classified as either hydrophobic
or hydrophilic based upon the environment that promotes their survival.21 Altering the
overall hydrophilicity and hydrophobicity of a polymer allows for the development of a
material aimed towards reducing both hydrophobic and hydrophilic interactions.22 This
controlled manipulation of the coating hydrophilicity to deter foulant growth is defined as
passive protection.23 Active protection of a surface for anti-fouling is defined as chemically
modifying a polymer to contain functionalities responsible for foulant proliferation or
death.18 The proliferation of bacterium is typically controlled via specific bacteria protein
expression and interaction of the bacteria with the surrounding environment.24 Once the
proteins on the surface of a bacterium responsible for lysis are activated, the bacterium
proliferates.25 Another hypothesized method to cause bacterial death is to interrupt the
message from surface proteins communicating a safe environment to adjacent bacteria.18
The specific enzymes known to deactivate the environmental-based communication are
5

known to be quaternary ammonium salts, graphene oxide, antibiotics, or silver
nanoparticles.18 The research regarding bacterial death has been applied to polymer science
to develop materials with an active defense system against fouling.26,27
Advanced polymer synthesis such as atom-transfer radical-polymerization (ATRP)
has been recognized as a versatile technique to engineer the required chemical
functionalities and specific architectures necessary for effective anti-fouling surfaces.18
ATRP is a controlled living polymerization method meaning it is relatively insensitive to
slight changes in the polymerization conditions and tolerates a wide range of monomer
compositions and functionalities.28,29 Additionally, ATRP surface bound initiators generate
polymerization directly from the surface—ideal for tunable, active foulant protection.27
ATRP has been utilized to develop surface bound polymer brush architectures with an
optimized ratio of poly(ethylene glycol) and poly(methyl methacrylate) block
functionalities.30 The copolymers used in this study were further optimized to contain
covalently bonded enzymes to facilitate the proliferation of specific classes of bacteria. The
ability to functionalize and combine various polymers based on their chemical
composition, functionalities, and overall architectures leads to endless opportunities to
develop novel materials that contain a broad range of properties not only to limit fouling,
but for applications ranging from anti-scratch to water resistance.
Nevertheless, the seemingly simplistic combination of functional properties from
specific monomers, segments, and polymers into a multifunctional polymer system does
not always elicit a material with the desired properties from each component. It is not
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uncommon that two polymers/components interact unfavorably. These incompatible
interactions lead to aggregation and phase separation, and as a result can inhibit the
performance of multi-functional homogenous systems.31,32 Contrarily, the two structurally
different components may interact favorably, which may provide an effective dualfunctional coating.33 However, the dynamics and behaviors present in the neat component
can merge into a single property that is the average of all components, rather than multiple
distinct responses that are dominate by the response of individual components. This
phenomenon is realized in many block copolymer systems, where the individual glass
transition temperatures (Tg) of the homopolymers merge into a single broad Tg.34–37
Because of the unpredictability of blending or combining functional materials into a single
coating, maintaining the purity of individual single layer coatings is highly desirable.
Unfortunately, there is a lack of control of mixing, layering, and organization in multicomponent thin films, which clearly demonstrates the need for further evaluation and
understanding of the assembly and formation of multi-layer coatings.

Multi-Layer Polymer Coatings
Not surprisingly, multi-component coatings have many advantages over the single
component systems. Utilizing highly characterized materials with desirable properties
bypasses the need for the development of new materials and exploration of the required
processing protocols to fabricate thin films of a new material. Traditional fabrication of
multi-functional coatings requires the layering of each individual layer sequentially onto
the surface where each individual layer provides a specific and unique function. This
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alternating deposition of pure materials evades the potential unfavorable interactions that
lead to a decrease in the desirable properties of the pure material. The unfavorable
interactions are often observed when blending or covalently bonding two polymeric
materials (block copolymers). However, each of the deposited layers must adhere strongly
to not only the substrate, but also to one another. Intelligent design of the order of
deposition of the layers must also be considered. The exterior layers provide surface
durability and the most protection against corrosion while the internal layers provide
additional functionality and are responsible for adhering sequential layers together.38 The
interactions between layers must also be considered where a poor interaction between
materials can lead to delamination, bubbling, peeling, and eventual overall coating failure.
Additionally, increasing the number of layers in the coating increases the quantity of
interfaces present as well as the total thickness of the film. Multiple layers and interfaces
between incompatible materials requires additional adhesive layers to prevent peeling and
overall film failure.39 Adhesive layers further increase the overall thickness of the film
which has shown to decrease overall film stability and reliability, and in certain cases,
decreases the ability for each layer to maintain peak performance.40–42 Including crosslinkable groups in adjacent layers has proven effective to avoid the need for excessive
adhesive binders between layers.43,44 The chemical crosslinks are designed to remain at the
interface to the proceeding layer and during deposition, the cross-linkable groups react to
form covalent bonds at the interface. Rather than solely relying on the adhesive behavior
of a binder or the mixing of two incompatible materials, a physical bond is formed and
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strengthens the interface between adjacent layers. The most widely used crosslinking
reactions for covalently bonding adjacent layers are quick, stable, and uncatalyzed
reactions such as polycondensation reactions or click chemistry.45,46 Even with the ability
to chemically alter and strengthen polymeric surfaces by incorporating cross-linkable
groups, the layer by layer assembly of multi-functional multi-layer thin films is time
consuming, labor intensive, and economically inefficient especially when the specification
profile for technological component and layer is vastly different. Therefore, an alternate
route of fabricating multi-component coatings is required.

Single Step Processing of Multi-Component Systems
Self-stratification is a term used to define the self-assembled layering of two or
more materials deposited from a single solution.31 Utilizing self-stratification allows for
one step processing which can lead to lower production costs because it eradicates any
necessary post-modification of the material.47 A second advantage of using single solution
deposition for surface coatings is improved inter-layer adhesion which increases product
service life and eliminates the need for an adhesive binder between layers. Because of the
economic benefits of self-stratification, it has been employed in a wide array of
applications from all-in-one paints and primers to thin films used for organic field effect
transistors.43
In 1976, Funke and his collaborators were the first to introduce the concept of selfstratification with powdered polymers on a metal substrate.48 Once at a temperature above
the melting temperature, the polymers rearranged to minimize the free interfacial energy
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and formed layered morphologies.38 They attributed the spontaneous rearrangement during
heating to the solubility parameters, and relative viscosities and surface tensions of the two
polymeric powders. Further research by Verkholantsev applied self-stratification to
solvent-based systems.49 This research investigated the liquid phase separation of paints
and coatings diluted in a common solvent. These experiments identified that the organized
phase separation of liquids occurred during solvent evaporation and specific driving forces
for self-stratification were recognized.49 Some of the specifications, or driving forces
documented to initiate self-stratification were the incompatibility of the two materials as
well as the selective wetting of the substrate by one component during solvent evaporation.
Verkholantsev also suggested potential parameters that change the vertical structures
obtained from self-stratification include varying the polymer/polymer ratio, choice of
solvent, and introducing small molecule additives to initiate and catalyze phase
separation.49

Driving Forces of Phase Separation
The concept of controlling self-stratification for application specific systems has
developed into an interesting avenue of research. Many researchers have developed
theoretical requirements for controlled self-stratification and have concluded that balanced
interactions among polymer blend, solvent, and substrate lead to polymer selfassembly.38,49–52 The polymers selected for self-stratification must have a certain degree of
incompatibility. The incompatibility of polymers in a blend is best described by the
propensity of the polymers to mix defined by the Flory Huggins theory (Equation 1.1).
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∆𝐺𝑚 = 𝑅𝑇[

𝜙1
𝑁1

ln 𝜙1 +

𝜙2
𝑁2

ln 𝜙2 + 𝜙1 𝜙2 𝜒12 ]

Equation 1.1

Mixing of a polymer blend will occur when the balance of enthalpic and entropic terms
provide a negative net change of ∆𝐺𝑚 . The first two terms within the brackets of Equation
1.1 represent the entropic component of the blend while the last term in the bracket
represents the enthalpic mixing contribution. Inside of these terms, 𝑁1 𝑜𝑟 2 and 𝜙1 𝑜𝑟 2
represent the degree of polymerization and the volume fraction of polymer 1 or polymer 2,
respectively. The entropic contribution in Equation 1.1 clearly shows that simply by
altering the molecular weight of either polymer or changing the compositional ratio of the
blend impacts the entropic contribution to mixing and the ability for the polymer to mix.
The 𝜒12 term is defined as the enthalpic interaction parameter of the polymer blend. The
interaction parameter can be estimated for each polymer blend using Hildebrand solubility
parameters (𝛿1 𝑜𝑟 2 ) as shown in Equation 1.2.
𝜒=

𝑉1
𝑅𝑇

(𝛿1 − 𝛿2 )2

Equation 1.2

The Hildebrand solubility parameters are roughly estimated by the enthalpic contribution
as a function of total volume of the polymer. By employing these two equations, the
compositional range for theoretical miscibility of a polymer blend can be estimated.53
The miscibility of the polymer blend is a crucial driving force for phase separation,
yet the surface energy differences at the substrate and air interface biases directional phase
separation. The substrate must be compatible with one of the polymers in the blend. To
determine the compatibility of polymers and substrates, the surface energy of each
component must be considered. Surface energy of substrates is calculated with Owen and
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Wendt’s equation (Equation 1.3) where each radical term represents the polar component
and the dispersion component of surface energy. To determine the surface energy of the
substrate (𝛾𝑠𝑝,𝑑 ), the contact angle of at least two liquids (li) with known dispersive and
polar surface energy components are monitored on the surface of interest to set up a system
of equations.54
(1 + cos 𝜃𝑖 ) 𝛾𝑙𝑖 = 2 (√𝛾𝑠𝑑 𝛾𝑙𝑖𝑑 + √𝛾𝑠𝑝 𝛾𝑙𝑖𝑝 )

Equation 1.3

The preferential wetting of one polymer onto the substrate will occur when the surface
energies between the polymers in the blend are different and the polymer with the smallest
surface energy will approach the air interface during film fabrication to decrease the overall
free energy in the film.55 The substrate surface energy controls the total degree of bias and
the total driving force for vertical stratification based upon the differences in polymer
surface energy.
The one step processing of a polymer blend is only possible when both polymers
can be dissolved in a common solvent. The common solvent may not be ideal for either
polymer in the blend and thus the choice of solvent can influence the morphology and
stratification of the final film. Solvent properties to consider are the viscosity, vapor
pressure, and solubility of each polymer all of which greatly influence the kinetics and
dynamics of film formation.56,57 The understanding of the solvent’s role in selfstratification is vague and not well understood. One study by Heriot and Jones utilizes light
reflectivity and scattering to determine the onset of phase separation and the film formation
time.58 They then correlate this information to the surface structure of the fabricated thin
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films. Their results prove that the evaporation rate of solvent dictates the ability for a
polymer blend film to stratify vertically or simply phase separate laterally. The hypothesis
generated from this work is that the thin film morphology changes throughout film
formation and is kinetically frozen when solvent diffusion is reduced, or when the solvent
completely evaporates. The results indicate the initial depth profile structure obtained is a
vertically stratified structure and further instability at this interface drives lateral phase
separation, but it is unclear the role the polymer blend interactions or substrate interactions
play in the final film morphologies. Moreover, the solvent-polymer interactions are not
addressed.
A second study conducted by Brigham and coworkers investigated the
crystallization patterns of block copolymers in various solvents.59 This work proved that
favorable solvent interactions with a single block facilitated its organization while the other
block failed to crystallize. Additionally, the block that failed to crystallize precipitated from
solution prematurely. The precipitation inhibited the ability of the blocks to organize into
a thermodynamically stable crystalline state. These two studies indicate and emphasize that
the solvent selection is important when designing a self-stratifying system.
Polymer blend self-stratification is a widely accepted method of thin film
fabrication and has been incorporated in many dual-functionality applications.
Thermodynamically stable coatings with vastly different final film morphologies from selfstratification can be fine-tuned by simply altering the processing conditions. Complete
stratification is commonly defined as two pure layers with a sharp interface, but the pure
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layers could also appear at opposite substrate and air interfaces with a gradient
compositional transition throughout the film. The vast differences in depth profiles
obtained via self-stratification is largely beneficial as various applications often require
specific thin film vertical morphologies and by altering the processing conditions of selfstratification many thin film depth profiles are possible.

Practical Applications of Stratification
Many of the first practical applications of self-stratification were resins due to their
promising properties relevant for various applications such as adhesives, reinforcement,
and various surface finishes/protection.60 Resins are classified as low-molecular weight
macromolecules containing reactive functional groups. As a resin is introduced to a curing
agent, a crosslinking reaction is initiated and depending on the chemical composition and
chemical nature of the macromolecule and curing agent, thermoplastic or thermoset
materials with varying hardness, strength, and durability are generated.61 Prior to utilizing
stratification as the fabrication method for coating, the adhesive layer and protective top
coat were applied individually. This process is labor intensive, requires substantial drying
time for each layer, and coating failure often resulted due to peeling between layers.
Stratification occurs as the solvent evaporates thus creating a compositional gradient
throughout the drying film.38 The compositional gradient reduces the potential peeling
between adjacent functional layers.38 Additionally, the substrate surface energy dictates the
compositional arrangement throughout the depth of the film, creating distinct hydrophobic,
durable, top coat and polar, adhesive, undercoat layers. Self-stratification not only reduces
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the cost and processing time of multi-component resins, the lifespan of the coating
improves by eliminating interlayer failure, and all the advantages of utilizing selfstratification are obtained without compromising the application specific properties. The
promise for control of final film morphology without reducing overall film properties and
function through a one step, self-stratification fabrication method is desirable for a wide
array of applications and has been applied to many other systems.43,51,62,63
Due to the push for organic materials in electronic devices and the requirement of
a well-defined interface between transport layers and insulators in organic transistors,
solution processing methods of conjugated polymers was especially desirable. One of the
main challenges for the solution processing of organic electronics was the layer-by-layer
fabrication where underlying insulating polymer layers experienced damage during
deposition of the surface-most conjugated polymer layer. Therefore, single step processing
of the insulating and conjugated polymer blends became an attractive avenue to pursue.64
The fundamental goal of utilizing self-stratification for organic electronics was to optimize
the electronic properties and efficiency to increase the feasibility of transitioning traditional
metal-based electronics to include organic components. Even with the well-established
understanding of the required morphology, layer purity, and breadth of the insulating and
conjugated polymer interface, the overall depth profile of the film is oftentimes overlooked.
More commonly, the depth profile of the film as a function of processing conditions was
acknowledged to prove vertical stratification occurred, but the wholistic understanding of
the interfacial morphology and its impact upon electronic properties is rarely discussed.65
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Additionally, because the combined goal of the field of organic electronics and
single step processing is to push and expand the limits of electronic properties, thermal
annealing was used to improve the morphology to obtain increased levels of electronic
efficiency.66 The discussion of the impact of thermal annealing on the polymer blend
greatly overlooks the rearrangement of polymer into a desired morphology which resulted
in the increased electronic efficiency. Moreover, utilizing an additional post-modification
step further increases the production time of organic electronics, which is one of the critical
reasons traditional layer by layer processing was replaced.

Current Technology Advances
Current technology advances are also interested in using flexible substrates for
electronic devices. The development of non-rigid devices would make smart clothing and
plastic, flexible electronics a reality.67 To begin to recognize the possibility of flexible
electronics, studies have applied the single-step solution processing of electronic,
polymeric materials to flexible substrates. Although the single-step process has shown
promising electron mobility and high device efficiency on rigid substrates, these properties
do not translate to flexible substrates.65 One of the major drawbacks of exchanging the
substrate for one-step processing is a change in the surface energy because the substrate
surface energy plays a large role in polymer rearrangement during stratification.68 This
translates to mean that the same processing conditions used for a rigid substrate cannot be
applied to the flexible substrate strictly because of the change in surface energy.
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Additionally, changing the mechanical properties of the substrate may also
influence the stratification of a polymer blend and the durability of the overall device. One
of the biggest advantages to using a rigid substrate is the inherent ability to absorb external
force.69 When external force such as vibration or bending is applied to a rigid substrate, it
can absorb a certain extent of external forces prior to failure. By absorbing this force, the
substrate provides protection the functional materials in the device. On the other hand,
when a flexible substrate is utilized, the desirable flexible property no longer provides the
same protection as a rigid substrate.70,71 The lack of protection present in flexible substrates
may translate to layer and interfacial roughness in thin films that were not present in films
with rigid substrates.
The understanding of the impact of the flexible substrate on self-stratification is
described as the difference in substrate rigidity, surface energy, and interfacial width. To
combat these differences in substrate qualities and to obtain similar electronic efficiencies,
thicker insulating and conjugated polymer self-stratified films are necessary. However, the
impact of the differences in substrate surface energy, roughness, and rigidity on the
structures in the thin film depth profile were not discussed.

Impact of Processing Parameters on Interfacial Width
Many of the current studies of self-stratification focus on the processing parameters
and their impact of application specific properties.65,72–74 The presence of two distinct
layers produced from single-step processing of self-stratification is acknowledged by
recent studies, but the details of the self-stratified thin film depth profile (purity of layers,
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interfacial breadth, layer thickness) are vague. The most common methods to determine
the stratified final film depth profile are x-ray photoelectron spectroscopy, transmission
electron microscopy, and atomic force microscopy. X-ray photoelectron spectroscopy
provides valuable information of atomic concentration as a function of depth within the
film. However, this method has limited resolution (resolves ~3 nm), is destructive and once
this characterization is complete, no further characterization can proceed.75 Transmission
electron microscopy is a useful method in proving the stratification of the polymer blend
thin film, however, the characterization is qualitative, and the composition of each layer
and the breadths of the interfaces are unclear given the instrument resolution. Atomic force
microscopy provides the roughness of the surface, and possibly the interface between the
layers, however, to determine the roughness at the interface, the surface most polymer must
be selectively extracted with solvent, destroying the film for further analysis. Additionally,
solvent extraction can damage the interface of interest by removing or dislodging any
mixed polymer at the interface, making any analysis unreliable. The complete
understanding of the structural information present in the final film includes the ability to
quantitatively define the composition as a function of depth, compare interfacial width
between stratified layers, and define independent layer thickness or lateral domain size.
With the knowledge that structure of the thin film impacts the application properties, it is
inherent that understanding the impact of processing parameters on the final film depth
profile and interfacial quality be the focus of this dissertation. In this dissertation, we
investigate the final film structures utilizing neutron scattering and neutron reflectivity
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because of their non-destructive nature and utilizing these characterization methods afford
the ability to determine thin film depth profiles with resolution of half a nanometer.
The current brevity of understanding of the morphologies and depth profiles
obtained through self-stratification requires further scientific exploration. With the wealth
of knowledge of the thermodynamics of polymer blends combined with precise control of
the processing of these complex systems, the ability to correlate the structure and properties
of polymer blends to the final film morphologies can be generated. Once this correlation is
made, the final film morphologies can be described as a function of thermodynamic and
kinetic driving forces, rather than system specific processing parameters. A better grasp of
the thermodynamic and kinetic driving forces affords an improved and more complete
understanding of self-stratification. This knowledge can then be applied to diverse polymer
blends and a multitude of applications where the required final film structure is well
understood.

Summary
Surface coatings are imperative for effective performance and longevity of a
product. The coating properties are often dictated by the functional groups present in the
polymeric material and the final film morphology. New polymeric materials are constantly
developed to provide increased coating performance. However, each new material requires
specific and unique processing for the optimized longevity of the coating. The current
approach to optimize the coating properties is on a system by system basis which is time
consuming and economically inefficient. Therefore, the goal of this dissertation is to
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develop thermodynamic and kinetic guidelines which obtain specific thin film
morphologies, interfacial width, and domain purity.
The qualitative nature of describing morphology inhibits direct assessment and
comparison of two structurally different films. Chapter 2 of this dissertation outlines a
novel quantitative method to systematically describe the extent of stratification of a
polymer blend thin film. This quantitative method allows for direct evaluation of
processing conditions and the final films produced. Chapter 3 further elaborates on the
results described in Chapter 2. Chapter 3 determines that there is an apparent hierarchy of
thermodynamic driving forces which control the final film morphologies. Both Chapters 2
and 3 investigate the vertical stratification of a polymer blend while Chapter 4 considers
the holistic polymer blend phase separation by including the phase separation parallel to
the substrate. Finally, the impact of substrate flexibility on interfacial width and layer
composition is monitored in Chapter 5. Investigating the thin film self-stratification of
polymer blends as a function of thermodynamic and kinetic parameters is a necessary next
step to further implement one-step solution processing into the fabrication of endless
applications. Additionally, expanding thin film fabrication onto flexible substrates and
understanding the substrate influence upon the overall quality of the thin film is
fundamental in realizing the feasibility of flexible electronics.
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CHAPTER TWO ELUCIDATING THE KINETIC AND
THERMODYNAMIC DRIVING FORCES IN POLYMER BLEND
FILM SELF-STRATIFICATION
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Abstract
Self-assembly of immiscible polymer blend films during deposition presents an
attractive avenue to fabricate structured multi-component thin films. Depth profiles formed
by self-stratification during spin casting can be varied simply by modifying processing
conditions, even on short time scales. However, the current practice of self-stratification
utilizes polymer blends that are specific for optimizing properties of a desired application
and provides little insight into the underlying driving forces that guide the process of
stratification. Our research seeks to fill this gap by using neutron reflectivity to monitor the
stratification of blends consisting of poly(3-hexylthiophene-2,5-diyl (P3HT) and
poly(methyl methacrylate) (PMMA) as a function of sample and processing condition: spin
casting speed, polymer blend composition, and polymer molecular weight. Each of these
parameters were varied individually, and each parameter provided orthogonal control of
the extent of stratification. An increase in the concentration of P3HT in the blend
composition increased the immiscibility between the two polymers which leads to an
increase in stratification. A reduction in the similarity of polymer molecular weights in the
blend reduced the entropic driving force of stratification. Additionally, when casting speed
was decreased, and all thermodynamic conditions were left unchanged, we observed a
longer film formation time and an increase in extent of stratification. Longer film formation
times allow more time for the thermodynamic driving forces to dictate the rearrangement
of polymer towards equilibrium. Furthermore, by changing the relative molecular weight
of the polymers, the purity of the P3HT layer at the air interface improved, where the largest
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molecular weight PMMA resulted in the purest P3HT rich layer. The interfacial width
between the P3HT rich layer and the PMMA rich layer was also controlled by changing
the composition of the blend, where the blend with the highest concentration of P3HT
resulted in the sharpest interface.
We attribute the differences in vertical morphology to the control of the
thermodynamic properties of each blend, including total entropy of the system, surface
energy, and the χ interaction parameter. Through careful regulation of the processing
conditions of P3HT:PMMA thin films, these results provide insight into both the kinetic
and thermodynamic factors that direct the self-stratification of polymer blend films. This
fundamental study of stratification for P3HT:PMMA blends provides the foundation to
develop a global understanding of self-stratification and to impact a wide range of
technologies by developing cost-efficient protocols for multi-layer film deposition of
structured thin films without post-modification processes.

Introduction
Polymer coatings serve a wide array of purposes, where many specific applications
require multi component coatings.44,76–79 These coatings are typically applied in a layer by
layer fabrication process. In addition to the deposition of each layer for its desired
application, adhesive binders are often required between layers to prevent peeling and
improve durability of the entire coating system.76 This layer by layer assembly is inefficient
and in order to combat this, the stratification of multiple materials from a single step
solution process may be employed to improve the efficiency of film fabrication.38,55,80
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Utilizing self-stratification decreases the number of depositions which leads to lower
production costs as it eradicates time consuming post-modification processes of the
material.47
Much of the current investigation of self-stratification of blend films involves
altering the processing conditions and correlating these processing conditions to final film
properties, for example device performance or durability.65,74,81–83 To the best of our
knowledge, there is limited knowledge of the thermodynamic and kinetic driving forces
that guide the self-stratification process, which is needed to more rationally control of final
film morphology.56 For example, in many thin film applications, polymers processed from
different casting solvents result in films with contrasting properties.84 Yet it is unclear
whether changing the solvent has a larger impact upon the kinetic drying time of the film,
or the thermodynamic interactions of the system, and which of these two properties
controls and guides the formation processes that impact the final film structure and
properties. Our studies will focus on the common film formation process of spin coating,
which is a non-equilibrium process.85,86 Therefore, in order to identify the driving forces
that guide film formation, it is necessary to regulate multiple parameters to derive an
understanding of the thermodynamic and kinetic processes that impact the measured film
structure and properties.
Typically, stratification is examined via depth profiles derived from optical
microscopy, or ion sputtering mass spectroscopy,66,87,88 both of which provide a qualitative
picture of the polymer blend stratification. Our research will utilize neutron reflectivity to
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provide a quantitative assessment of the impact of spin casting speed, polymer blend
composition, and polymer molecular weight on the stratified sample’s depth profile and
structure. These processing parameters were selected to provide insight into the effect of
surface energy, polymer-polymer interaction parameters, and film drying kinetics on final
film formation and polymer blend stratification. To realize this goal, a quantitative method
was developed to analyze the final film’s extent of stratification, so that the thermodynamic
and kinetic driving forces that guide final film structure and total stratification can be more
thoroughly investigated.
The focus of this research is a conjugated and insulating polymer blend, poly(3hexylthiophene-2,5-diyl) (P3HT) and poly(methyl methacrylate) (PMMA), which are used
as benchmark polymers for organic field effect transistors. Utilizing these two polymers is
advantageous because they phase separate upon deposition into practical morphologies
suitable for solution processing of electronic devices.89,90 Recent studies have documented
how specific deposition conditions impact the performance of these devices, but disregard
how the thin film structure and thus, in turn, device performance may be tuned with control
of the final blend film stratification.91–94 Providing insight into the role of specific
thermodynamic and kinetic parameters on the film formation process will greatly impact
the ability to control, engineer, and improve these films for desired application
performance. 95–98 Thus, the development of a holistic understanding of the driving forces
behind polymer blend stratification provides an innovative pathway to control final film
morphology simply by changing the polymer blend and processing conditions.
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Experimental
Chlorobenzene (Sigma Aldrich), Poly(3-hexylthiophene-2,5-diyl) (P3HT) (Ossila,
regioregularity-95%, and number-average molecular weight (Mn) 19,500 g/mol and
polydispersity index (PDI) 1.75) and deuterated poly(methyl methacrylate (dPMMA)
(Polymer Source Inc., Mn (PDI), 20,000 g/mol (1.6), 131,500 g/mol (1.4), 316,000 g/mol
(1.35), 520,000 g/mol (1.4)) were used directly from the supplier and were not further
purified. Polymer blends were dissolved at 1 percent by mass in ratios of P3HT:dPMMA
5:95, 10:90, 15:85, 20:80 in chlorobenzene. These polymer blends were dissolved at 55 °C
overnight into a homogenous solution. Thin films were prepared by spin coating (209.4
rad/s, 104.7 rad/s, and 52.4 rad/s) the chlorobenzene solutions onto Si wafers. The Si wafers
were cleaned in a piranha solution (3:1 ratio of sulfuric acid and hydrogen peroxide),
washed with nanopure water, and allowed to sit under UV irradiation and ozone for 30
minutes prior to film deposition.
Neutron reflectivity experiments were conducted at both the National Institute of
Standards and Technology’s Center for Neutron Research using the NG7 beamline and the
Spallation Neutron Source at Oak Ridge National Laboratory with a Q range of 0.008-0.2
A-1 where Q= 4π/λ sin(θ); λ is the neutron wavelength, and θ is the angle of incidence. The
data for all incident angles was reduced utilizing the NCNR software.99
Time-resolved light reflectivity was measured with an in-situ apparatus to monitor
film formation during the spin casting process under the same conditions discussed above.
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A P3HT:dPMMA (520,000 g/mol) 20:80 solution was spin cast at 209.4, 104.7, and 52.4
rad/s. The procedure is described elsewhere.86
The surface energy of protonated poly(methyl methacrylate) (H-PMMA) was
determined using contact angle measurements. H-PMMA was obtained from Acros (Mn
15,000 g/mol) and Sigma-Aldrich (weight average molecular weight (Mw) 120,000 g/mol
and 350,000 g/mol). Mn 520,000 g/mol dPMMA was obtained from Polymer Source.
Contact angle measurements were conducted at the Chemical Sciences Division at Oak
Ridge National Laboratory utilizing a Kruss DSA 100 Standard Optical Microscope. Drops
of water and diiodomethane were placed on thin films of bare SiO2, P3HT, and PMMA
with Mn of 520,000 g/mol, Mw 350,000 g/mol, Mw 120,000 g/mol, and Mn 15,000 g/mol in
these experiments.

Results
In order to study the impact of processing conditions on final film structure, the
depth profile of the samples of interest were determined by neutron reflectivity
experiments, where parameters of interest include polymer blend composition, spin casting
speed, and PMMA molecular weight. Each experiment resulted in a raw neutron
reflectivity curve which was fit to a multi-layer model using IGOR and Motofit software
packages.100 The model fit was verified for accuracy by incorporating a mass balance
where the average scattering length density (SLD) for the model depth profile is compared
to the average SLD of the polymer blend based on the composition of the spin cast solution
within 3% agreement. The fitting procedure produces a depth profile of SLD as a function
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of thickness. Each SLD is then transformed into a P3HT volume fraction depth profile
using Equation 2.1:
𝑆𝐿𝐷𝑙𝑎𝑦𝑒𝑟 (𝑧)−𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴
𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴 −𝑆𝐿𝐷𝑃3𝐻𝑇

= 𝜙𝑃3𝐻𝑇 (𝑧)

Equation (2.1)

where SLDlayer(z) is the SLD of the model depth profile at depth z, and ϕP3HT is the volume
fraction of P3HT in the layer. The SLD of P3HT is estimated to be 0.7x10-6 A-2 and a range
of 6.7x10-6A-2 – 7.1x10-6A-2 was used for the range of molecular weights of dPMMA,
calculated from the National Institute for Standards and Technology (NIST) Center for
Neutron Research (NCNR) SLD calculator. The thickness of each sample was normalized
using the measured thicknesses from the neutron fit, where 0 is the air interface and 1 is
the SiO2 interface. The normalized film thickness allows the comparison of all films
regardless of processing conditions where film thickness is known to change with polymer
molecular weight and spin casting speed.101
Each P3HT volume fraction depth profile was further analyzed to quantitatively
determine the extent of stratification of each sample. In this analysis, the stratification is
quantified by comparing the depth profile of the experimental film to that of a completely
stratified sample and a homogenous thin film. A completely stratified sample is defined as
two layers of pure P3HT and pure dPMMA and a homogenous thin film is a film with a
constant concentration of P3HT throughout the entire depth of the film.
We can compare the stratification of different samples regardless of processing
conditions by utilizing a normalized thickness and the percent of P3HT in the samples as a
baseline for each calculation. To determine the amount of P3HT in each sample, the total
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integral of the volume fraction depth profile (0% to 100% P3HT) as a function of
normalized thickness (0 to 1) is determined. This integral value is then used as the baseline
in the depth profile for the extent of stratification calculation, because a completely
homogenous (i.e. non-stratified) film contains this amount of P3HT, regardless of the
probed depth. Equation 2.2 provides the method to calculate the extent of stratification, S,
of a polymer blend film.
S = 100 ∗

Vsample
V
(100−Vtotal )∗( total )

Equation (2.2)

100

In Equation 2.2, Vtotal is the integral under a sample’s depth profile curve (baseline
0% P3HT) which represents the volume percent of P3HT in the entire deposited film. The
value obtained for Vtotal is used for the baseline of the integral denoted as Vsample. The value
of the volume fraction of the P3HT in the film, Vtotal, is used as the baseline for Vsample
ensuring that a homogenous, non-stratified sample is quantified as 0 percent stratified. Any
area above the theoretical limit of a homogenous, non-stratified sample indicates
stratification occurred. The integral denoted as Vsample represents a quantitative measure of
the stratification of each sample. Vsample is the area under the depth profile of the
experimental film with the average concentration of P3HT in the deposited film (that can
be determined from Vtotal) as the baseline. For further clarification, this method is illustrated
in Figure 2.1 for a sample consisting of a blend of P3HT:dPMMA 20:80. The horizontal
dashed line at 20% P3HT describes the baseline of the Vsample integral, as the P3HT volume
fraction of this sample is 20%. The vertical line at 0.2 thickness of the film represents the
hypothetical thickness of a P3HT layer in a completely stratified film consisting of 20%
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Figure 2.1 P3HT volume fraction depth profile illustrating the quantitative analysis
of percent stratification, where Vtotal measures the sum of the areas of the black and
white stripe region and the black and white checkerboard region, Vsample measures
the area of the black and white checkerboard region, and the black horizontal
baseline represents the baseline for Vsample which is equivalent to the concentration of
P3HT in the sample.
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P3HT. To calculate the extent of stratification of the sample, Vsample is divided by the area
of a completely stratified layer with the horizontal baseline of 20 (volume percent of P3HT
in the film) and the vertical thickness that is equal to the percent of P3HT in the film (0.2
in this case), as depicted by the vertical outlined rectangle in Figure 1. The area of the
vertical rectangle above the horizontal baseline of Vtotal is calculated as the denominator in
Equation 2.2 ((100-Vtotal)•(Vtotal/100)). The vertical and horizontal limits change in the
calculation of S for each sample to account for changes in the P3HT composition in the
film during the spin coating process. The extent of stratification for this sample is defined
by the area under the depth profile curve and above the horizontal baseline (checkerboard
pattern) (8), divided by the area of the outlined rectangle above the horizontal Vtotal baseline
(100-20)•(20/100)=16); 8/16= 50% stratified. The error for the extent of stratification is
calculated from difference between the experimental volume percent of P3HT in the film
(Vtotal) and the theoretical P3HT concentration based on the spin cast solution. The
discrepancy between the experimental and theoretical P3HT concentrations is propagated
through Equation 2.2.
Using this protocol, the extent of stratification of spin-coated P3HT:dPMMA
polymer blends were monitored as a function of spin casting speed, P3HT:dPMMA blend
composition and dPMMA molecular weight. First, the impact of P3HT:dPMMA blend
composition will be reported. Figure 2.2 shows the resultant P3HT volume fraction depth
profiles as a function of nominal blend composition. The compositions analyzed are
P3HT:dPMMA blends of 5:95, 10:90, 15:85, 20:80. Altering the blend composition
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Figure 2.2 P3HT volume fraction depth profiles of P3HT:131,500 g/mol dPMMA 5:95
(red), 10:90 (green), 15:85 (blue), 20:80 (black) blends spin cast from chlorobenzene
at 104.7 rad/s where 0 is the air interface and 1 is the SiO2.
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(Figure 2.2) clearly results in different degrees of P3HT found at the air interface, though
all samples are stratified to some extent. As the P3HT concentration increases in these
samples, the depth of the P3HT layer at the air interface broadens. In addition, the sharpness
of the interface between an upper layer dominated by P3HT and the lower layer dominated
by dPMMA varies for the blends. The breadth of the interface between these two layers is
related in Figure 2 to the slope of the depth profile between layers, where a steep slope is
interpreted to be a sharp interface while a gradual slope depicts a broad interface. The 5:95
P3HT:dPMMA sample has a broad interface that becomes sharper as the P3HT loading
increases, with a significantly sharp interface observed in the 20:80 blend. Figure 2.3 plots
the extent of stratification of the P3HT:131,500 g/mol dPMMA samples for all blend
compositions. It is evident that an increase in P3HT loading increases the extent of
stratification for each sample.
It has been previously reported that spin casting conditions directly impact film
formation time.97 One method to extend film formation time is to introduce a different spin
casting solvent with a higher boiling point.59 Changing the solvent allows us to investigate
the effect of film formation time on the degree of stratification, but additional solventpolymer interactions must be considered. As an attempt to isolate the effect of film
formation time on the extent of stratification without introducing additional polymersolvent interactions, the impact of spin-casting speed on film formation time, and thus,
final film structure was monitored. To quantify the time required for film formation at each
spin speed, time resolved light reflectivity experiments were conducted. Figure 2.4 presents
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Figure 2.3 Plot of the extent of stratification as a function of P3HT loading all
prepared at 104.7 rad/s and 131,500 g/mol dPMMA.
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Figure 2.4 Light reflectivity monitoring film formation of a P3HT:dPMMA 20:80
blend spin cast at 52.4 rad/s (top), 104.7 rad/s (middle), and 209.4 rad/s (bottom).
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the light reflectivity results for each spin speed (52.4, 104.7, 209.4 rad/s). Interpreting these
results provides a film formation time when the constructive and destructive interference
fridges no longer appear. This flat line is due to an increase in off specular scattering
relative to the light reflectivity fringes in a dry film. These results show that P3HT:dPMMA
blend solutions spun at 52.4 rad/s formed films in 21 seconds, solutions spun at 104.7 rad/s
formed films in 11 seconds, and solutions spun at 209.4 rad/s formed films in 6 seconds.
The volume fraction depth profiles and extent of stratification for samples prepared
with different casting speeds are reported in Figures 2.5 and 2.6, respectively. Figure 2.5
displays the P3HT volume fraction depth profile for the P3HT:dPMMA 20:80 blends
containing 131,500 g/mol dPMMA as a function of spin cast speed. It is interesting to note
that the sharpness of the interface between the P3HT dominated layer and dPMMA
dominated layer does not change with spin cast speed. The change in spin cast speed, and
therefore time of film formation, does alter the concentration of P3HT in the top layer,
though it does not change the normalized thickness of this layer. In these samples, the 52.4
rad/s sample contains the highest concentration of P3HT in the top layer, while the 209.4
rad/s sample contains the smallest concentration of P3HT in the top layer. It is important
to note that although this representation of the data does not show a broadening of the
P3HT layer with spin speed, each sample’s thickness has been normalized to 1. Therefore,
the P3HT rich layer is thicker in the sample cast at 52.4 rad/s (~19 nm) than the sample
cast at 209.4 rad/s (~4 nm), but this difference is minimalized when the total thickness of
the film is normalized. The total thicknesses of the 52.4 rad/s and 209.4 rad/s films are
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Figure 2.5 P3HT volume fraction depth profiles of a P3HT:dPMMA (131,500 g/mol)
20:80 blend spin cast from chlorobenzene at 209.4 rad/s (red), 104.7 rad/s (green), and
52.4 rad/s (blue) where 0 is the air interface and 1 is the SiO2. Repeats of
P3HT:dPMMA (131,500 g/mol) 20:80 samples prepared at 104.7 rad/s and 209.4 rad/s
are included in the appendix.
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Figure 2.6 Plot of extent of stratification as a function of spin speed, and
P3HT:dPMMA composition 5:95 (red), 10:90 (green), 15:85 (blue), 20:80 (black). The
P3HT volume fraction profiles for P3HT:dPMMA 131,500 g/mol samples of all blend
compositions prepared at casting speeds of 52.4 and 209.4 rad/s can be found in the
appendix. Additionally, repeats of P3HT:dPMMA (131,500 g/mol) 5:95 samples
prepared at 52.4 rad/s and 104.7 rad/s are included in the appendix.
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~65 nm and ~30 nm, respectively.
To quantify the exact changes of the stratification with the change in processing
conditions, the P3HT volume fractions were analyzed to quantify the extent of stratification
with the method described by Equation 2.2. Figure 2.6 shows the extent of stratification as
a function of the composition of the P3HT:dPMMA blend as well as the spin-casting speed
for each thin film. Figure 2.6 also shows that at each specific spin speed, an increase in
P3HT loading results in a larger percent stratification. In addition, Figure 2.6 also shows
that for each P3HT:dPMMA composition, a spin speed of 52.4 rad/s results in the largest
extent of stratification. Qualitatively, the stratification of the final film increases with
decreasing spin speed and increasing film formation time.
The molecular weight of dPMMA was also varied to observe its effect on the P3HT
stratification process. For this set of experiments, four different dPMMA molecular
weights were employed (20,000 g/mol, 131,500 g/mol, 316,000 g/mol, and 520,000
g/mol). Films were formed from solutions with P3HT:dPMMA compositions of 5:95,
10:90, 15:85, 20:80, where solutions were spin cast at 104.7 rad/s from chlorobenzene.
Figure 2.7 shows the P3HT volume fraction depth profiles for the 5:95 P3HT:dPMMA
blends for each molecular weight.
The film formed from the blend containing the largest molecular weight dPMMA
520,000 g/mol has a small layer of highly concentrated P3HT at the air surface, and as the
molecular weight of dPMMA decreases, the P3HT concentration at the air interface
decreases. The interface between the P3HT dominated region and the dPMMA dominated
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Figure 2.7 P3HT volume fraction depth profiles of a P3HT:dPMMA 5:95 blend spin
cast from chlorobenzene at 104.7 rad/s with varying dPMMA molecular weights
520,000 g/mol (red), 316,000 g/mol (green), 131,500 g/mol (blue), 20,000 g/mol (black)
where 0 is the air interface and 1 is the SiO2 interface.
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region does not seem to change significantly among the various molecular weight depth
profiles. To quantify the effects of dPMMA molecular weight on stratification, each depth
profile was analyzed using Equation 2.2, and the resultant extents of stratification are
shown in Figure 2.8.
Inspection of Figure 2.8 shows that for each blend composition, the extent of
stratification generally decreases as dPMMA molecular weight decreases. It is important
to note that the change in extent of stratification with respect to blend composition in these
experiments, where an increase in P3HT in the blend leads to an increase in stratification,
agrees with the trends observed in the stratification patterns and extent of stratification
values shown in Figures 2.2, 2.3, and 2.6. Additionally, the change in extent of stratification
with blend composition is significantly reduced in the 520,000 g/mol dPMMA blend
relative to the changes in the extent of stratification with blend composition for films that
contain 20,000 g/mol dPMMA. The blends containing 520,000 g/mol dPMMA exhibit a
variation in extent of stratification that is only ca. 15% with blend composition, while the
extent of stratification in the 20,000 g/mol dPMMA blends varies from less than 10% to
greater than 60% with changes in the blend composition.
To further investigate the driving forces behind stratification differences when
varying dPMMA molecular weight, contact angle measurements were conducted using
water and di-iodomethane to determine the surface energy of each molecular weight
dPMMA, P3HT, and SiO2. The contact angle measurements as well as their respective
surface energies are presented in Table 2.1. Surface energy was calculated using the
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Figure 2.8 Plot of the extent of stratification as a function of dPMMA molecular
weight and P3HT:dPMMA composition 5:95 (red), 10:90 (green), 15:85 (blue), 20:80
(black) all prepared at 104.7 rad/s. The P3HT volume fraction profiles for
P3HT:dPMMA 20,000 g/mol, 316,000 g/mol, and 520,000 g/mol samples can be found
in the appendix.
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geometric mean method as shown in Equation 2.3:102
(1 + cos θt)γt=2[(γdtγds)1/2 +(γtp γsp)1/2]

Equation (2.3)

In Equation 2.3, θ is the contact angle of the test liquid on a solid surface, and γt
and γs are the surface energies of the test liquid and the solid surface, respectively. The
accepted polar (p) and dispersive energy (d) components for water are 51.0 mJ/m2 and 21.8
mJ/m2 and for diiodomethane are 0.0 mJ/m2 and 50.8 mJ/m2.38 The surface energy of
PMMA increases with decreasing molecular weight, and the surface energy of PMMA is
always larger than that of P3HT. P3HT and all molecular weights of PMMA have
significantly different surface energies than that of the SiO2 substrate. The decrease in the
surface energy of dPMMA with molecular weight is accredited to an end group effect,
where an increase in the number of chain ends in low molecular weight polymers relative
to their high molecular weight counterparts alters the polymer surface energy.

Discussion
The data presented here documents and quantifies the impact of altering the
processing conditions of spin coating immiscible polymer blends on the final film depth
profile, including spin speed, polymer blend composition, and polymer molecular weight.
Altering each of these parameters individually resulted in varying depth profiles and extent
of stratification, yet the driving forces for these changes are less clear. Clearly, a number
of factors may contribute to the stratification of a polymer blend during spin coating,
including surface energy differences between two polymers,103 the miscibility of the two
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Table 2.1 Contact angles and calculated surface energies and measurements of the
polymers studied.
Sample
15,000 g/mol PMMA
100,000 g/mol PMMA
350,000 g/mol PMMA
520,000 g/mol PMMA
P3HT
SiO2

H2 O
Contact
Angle (°)
74.5
73.0
70.5
67.4
92.9
18.7

CH2I2
Contact
Angle (°)
32.4
32.5
31.9
32.1
54.7
43.4

Surface
Energy
(mJ/m2)
46.5
47.0
48.1
49.2
32.3
71.1
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polymers, the relative solubility of each component in the pre-deposition solvent, the film
formation time, and surface energy of the supporting substrate. It is clear that the surface
energy differences between the two polymers does not fully explain our results, particularly
the change in stratification with blend composition (Figure 2.2). To further investigate the
importance of these driving forces of stratification, the Flory-Huggins interaction
parameters, χ, between PMMA, P3HT, and chlorobenzene were estimated using Equation
4.104 The literature solubility parameters, 𝛿, for P3HT and PMMA are presented in Table
2 as well as the calculated χ parameter between P3HT and PMMA (χ = 1.08) using
Equation 2.4.
𝑉

𝜒 = 𝑅𝑇0 (𝛿𝑎 − 𝛿𝑏 )2

Equation (2.4)

A χ parameter that is greater than 0.5 indicates poor polymer-polymer interactions,
and an immiscible blend.105 This is consistent with the results presented in Figure 2.2 that
shows there is an increase of P3HT at the air interface with increase of P3HT loading in
the blend, as this is consistent with increased phase separation between the two polymers
and increased stratification as P3HT concentration in the blend increases, as shown in
Figure 2.3. The increased immiscibility with increased P3HT concentration in the blend
manifests as an increase in the P3HT concentration at the air interface. This result indicates
that the immiscibility of P3HT and PMMA is a significant driving force for this
stratification and that increasing the miscibility of two polymers will decrease the
stratification.
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The in-situ light reflectivity results (Figure 2.4) show that spin coating at 209.4
rad/s traps polymer movement over three times faster than the film formation process that
occurs at the slowest spin speed of 52.4 rad/s. Since all other process conditions (blend
composition, solvent interactions, blend molecular weight) are left unchanged, the kinetics
of the film formation process are exclusively responsible for the disparity among all
samples’ final film depth profiles in Figure 2.5. Assuming the blend continually rearranges
during the film formation process and is driven towards an equilibrium structure, the
regulation of film formation time provides insight into the progress towards equilibrium of
each blend’s thin film. For instance, a sample fabricated with a fast spin speed and shorter
film formation time has a depth profile further from equilibrium than a sample processed
with slower spin speed and longer film formation time. The P3HT volume fraction depth
profiles for the films formed from P3HT:131,500 g/mol dPMMA 20:80 blends (Figure 2.4)
shows that P3HT segregates to the air surface (Z=0) for all three spin speeds with an
increased P3HT concentration at the air interface with decreasing spin speed. Thus, the
slower spin speed provides more time for the P3HT to be thermodynamically driven to the
air interface, which is consistent with its lower surface energy. Figure 2.6 quantifies the
percent stratification as a function of spin speed, where for each blend composition of
P3HT and 131,500 g/mol dPMMA, the percent stratification increases with decreasing spin
speed. This result indicates that the equilibrium of a P3HT:131,500 g/mol dPMMA blend
is a more stratified sample with a P3HT dominated layer found at the air interface and a
dPMMA rich layer found at the Si interface. Further, the effect of altering the
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Table 2.2 Solubility parameters at room temperature for P3HT and PMMA.
Material
P3HT
PMMA

δ (MPa1/2)
14.8106
19.5107

𝝌𝐏𝟑𝐇𝐓−𝐏𝐌𝐌𝐀
1.08
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P3HT:dPMMA blend composition is also evident at each examined spin speed (Figure
2.6), where increasing the P3HT concentration in the blend also increases the extent of
stratification.
To broaden our understanding of the driving forces behind stratification of this
system, PMMA molecular weights ranging from 20,000 g/mol – 520,000 g/mol were
combined with P3HT in blend compositions of 5:95-20:80 and spin cast at 104.7 rad/s to
investigate the effect of PMMA molecular weight on the film stratification patterns and
extent of stratification. Altering the relative molecular weights of the two polymers in the
blend allows us to evaluate the importance of entropic contributions to the stratification of
the components in the film during the casting process. This is because smaller chains are
entropically driven to the air interface to minimize the entropic penalty of confining a long
polymer chain to an impenetrable interface.108,109 Figures 2.7 and 2.8 present the depth
profiles and the extent of stratification of the cast films as a function of dPMMA molecular
weight and P3HT:dPMMA blend composition, respectively. Figure 2.8 clearly shows that
increasing the P3HT concentration in the blend, regardless of dPMMA molecular weight,
increases the extent of stratification which is consistent with previously discussed results.
The P3HT volume fraction depth profile for blends of 5:95 P3HT:dPMMA with varying
dPMMA molecular weight, as seen in Figure 2.7, shows various amounts of P3HT driven
towards the air interface depending on the molecular weight of dPMMA. This result is
quantified in Figure 2.7, where stratification decreases with decreasing dPMMA molecular
weight, for all four blend compositions. This is consistent with an increase in importance
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of entropic forces with the introduction of lower molecular weight dPMMA. A reduction
of the free energy of the system provides a driving force for the low molecular weight
dPMMA to entropically segregate to the air interface, challenging the enthalpically driven
sequestration of the P3HT at the air interface. This competition leads to less stratification
due to the failure for P3HT and dPMMA to form independent pure layers.
All of the extent of stratification results are in good agreement with the calculated
surface energies where the P3HT is primarily driven to the air interface and the decrease
in dPMMA molecular weight results in a lower surface energy material, such that it is
approaching the surface energy of P3HT. It is important to emphasize that the similarity of
surface energy and entropic forces in the 20,000 g/mol dPMMA samples lead to less
stratified films, while increasing the loading of P3HT in the blend still elicits an additional
driving force for stratification. This result indicates that the entropic forces due to varying
dPMMA molecular weight are not sufficient to overcome the immiscibility of the two
polymers, P3HT and dPMMA.
These results clearly indicate that all processing conditions, not solely the
miscibility of the polymer blend or their surface energies dictate and drive final film
morphology, depth profiles, and extent of stratification. It is evident that by simply altering
processing conditions, a targeted final film morphology may be fabricated without
additional post-processing modifications. Although P3HT:dPMMA blends were studied
here, the guidelines produced are based on the thermodynamic driving forces and kinetics
of film formation during spin casting. Therefore, these results should provide guidelines to
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direct the stratification and assembly of a broad range of polymer blends. This foundation
thus provides pathways to improve the structure and assembly of thin polymer blend films
for a myriad of applications. These range from durable polymer coatings to organic
electronic device processing where these results show that the interface between the
polymers can be controlled without extensive alteration to the thin film itself, as well as
controllably altering the extent of stratification by changing the processing conditions.

Conclusion
Neutron reflectivity experiments provide film depth profiles of various spin cast
polymer blends processed by varying spin speed, blend composition, and polymer
molecular weight. These results indicate that spin speed, blend composition, and molecular
weight alter the stratification patterns of P3HT and dPMMA polymer blends and provide
insight into the fundamental driving forces that guide the stratification process. In all cases,
P3HT is driven toward the air interface and changing the processing conditions can further
encourage this effect. This research also develops a method to analyze the degree of
stratification, and therefore quantitatively compare the impact of processing parameters on
the stratification process.
Our results show that the speed of spin casting controls film formation time where
a slower spin speed leads to longer film formation. This longer film formation time allows
the polymer layers more time to rearrange and approach equilibrium. By utilizing slower
spin speeds, more stratified P3HT:dPMMA thin films emerge, when compared to samples
formed at faster spinning speeds. In addition, altering the blend composition and molecular
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weight of the polymers also influence the final film depth profile. As the concentration of
P3HT in the blend increases, the stratification of the blend increases due to the decrease in
miscibility of the blend. Not only does the stratification increase, but increasing the amount
of P3HT in the blend also elicits a sharpened interface between the two layers.
Incorporating lower molecular weight dPMMA into the blend alters the entropic
driving forces in the stratification process, due to the increase in number of chain ends.
This lower molecular weight dPMMA is entropically driven towards the air interface
competing with P3HT, therefore decreasing stratification. These

results

therefore

provide guidelines to control and moderate the final film morphology and layering of
deposited polymer blend thin films. Since P3HT and PMMA are widely used for organic
field effect transistors, this research ultimately expands our ability to controllably alter the
final film structure, and creates a pathway to better understand the correlation between
processing conditions and thin film structure required for efficient device performance.
Although this study outlines P3HT:dPMMA blends, the overall conclusions can be applied
to other polymer blend systems and provides crucial insight that can direct the development
of optimal cost-efficient methods to fabricate multi-layer films with the desired structure
without the need for post-modification processes.
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Figure 2.9 P3HT volume fraction depth profiles of P3HT:20,000 g/mol dPMMA 5:95
(black solid line), 10:90 (grey solid line), 15:85 (black dashed line), 20:80 (grey dashed
line) blends spin cast from chlorobenzene at 104.7 rad/s where 0 is the air interface
and 1 is the SiO2.
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Figure 2.10 P3HT volume fraction depth profiles of P3HT:316,000 g/mol dPMMA
5:95 (black solid line), 10:90 (grey solid line), 15:85 (black dashed line), 20:80 (grey
dashed line) blends spin cast from chlorobenzene at 104.7 rad/s where 0 is the air
interface and 1 is the SiO2.
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Figure 2.11 P3HT volume fraction depth profiles of P3HT:520,000 g/mol dPMMA
5:95 (black solid line), 10:90 (grey solid line), 15:85 (black dashed line), 20:80 (grey
dashed line) blends spin cast from chlorobenzene at 104.7 rad/s where 0 is the air
interface and 1 is the SiO2.
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Figure 2.12 P3HT volume fraction depth profiles of P3HT:131,500 g/mol dPMMA
5:95 (black solid line), 10:90 (grey solid line), 15:85 (black dashed line), 20:80 (grey
dashed line) blends spin cast from chlorobenzene at 52.4 rad/s where 0 is the air
interface and 1 is the SiO2.
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Figure 2.13 P3HT volume fraction depth profiles of P3HT:131,500 g/mol dPMMA
5:95 (black solid line), 10:90 (grey solid line), 15:85 (black dashed line), 20:80 (grey
dashed line) blends spin cast from chlorobenzene at 209.4 rad/s where 0 is the air
interface and 1 is the SiO2.
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Extent of Stratification
Original- 79.6
Repeat- 92.3

Figure 2.14 The original (grey solid line) and repeat (black solid line) P3HT volume
fraction depth profiles of P3HT:131,500 g/mol dPMMA 20:80 prepared at 104.7 rad/s
from chlorobenzene where 0 is the air interface and 1 is the SiO2.
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Extent of Stratification
Original- 71.7
Repeat- 67.5

Figure 2.15 The original (grey solid line) and repeat (black solid line) P3HT volume
fraction depth profiles of P3HT:131,500 g/mol dPMMA 20:80 prepared at 209.4 rad/s
from chlorobenzene where 0 is the air interface and 1 is the SiO2.
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Extent of Stratification
Original- 39.0
Repeat- 48.1

Figure 2.16 The original (grey solid line) and repeat (black solid line) P3HT volume
fraction depth profiles of P3HT:131,500 g/mol dPMMA 5:95 prepared at 52.4 rad/s
from chlorobenzene where 0 is the air interface and 1 is the SiO2.
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Extent of Stratification
Original- 28.3
Repeat- 26.1

Figure 2.17 The original (grey solid line) and repeat (black solid line) P3HT volume
fraction depth profiles of P3HT:131,500 g/mol dPMMA 5:95 prepared at 104.7 rad/s
from chlorobenzene where 0 is the air interface and 1 is the SiO2.
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CHAPTER THREE THE INTERPLAY OF THERMODYNAMICS
AND KINETICS: IMPARTING HIERARCHICAL CONTROL OVER
FILM FORMATION OF SELF-STRATIFIED BLENDS
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Abstract
Spin casting has become an attractive method to fabricate polymer thin films found
in organic electronic devices such as field-effect transistors, and light emitting diodes.
Many studies have shown that altering spin casting parameters such as casting solvent and
speed can improve device performance. Additionally, device performance has been
directly correlated to the degree of polymer alignment, crystallinity, and morphology of
the thin film. Our recent results investigate the impact of casting speed and molecular
weight on the stratification of thin polymer blend films where surface energy and polymerpolymer miscibility are defined as controlling parameters. To provide a more complete
understanding of the balance of thermodynamic and kinetic factors that influence the
stratification of polymer blend thin films, we monitor stratified polymer blend thin films
developed from the polymer blend of poly(3-hexylthiophene-2,5-diyl) and poly(methyl
methacrylate) at controlled loading ratios, relative molecular weights, and casting speed.
The structures of these thin films were characterized via neutron reflectivity, and the results
show that at the fastest casting speed, polymer-polymer interactions and surface energy of
the polymers in the blend dictates final film structure, and at the slowest casting speed,
there is less control over the film layering due to the polymer-polymer interactions, surface
energy, and entropy simultaneously driving stratification, and different from the fastest two
casting speeds, the relative solubility limits also play a role in the stratification process.
The relative solubility limits gain relevance at the slowest casting speed due to the reduced
evaporation rate of the solvent and increased drying time of the film increasing the time
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between polymer precipitation and final film formation. These results broaden the current
understanding of the relationship between spin casting conditions and vertical phase
separation in polymer blend thin films. This knowledge provides a foundation for improved
rational design of polymer thin film fabrication processes to attain targeted stratification,
and thus performance.

Introduction
Spin casting has been used for multiple decades as a method to fabricate thin films
that are as large as 50 microns to as thin as a few nanometers.110 It is well known that
casting speed, solution loading, and polymer molecular weight have an effect on final film
thickness.111–113 Spin casting became an attractive deposition method for the fabrication of
films for many applications ranging from organic electronic devices to a variety of polymer
coatings.114–116 Specifically in the device fabrication field, careful modification of the spin
casting processing parameters such as solvent, casting speed, and polymer loading elicit
various qualitative trends in polymer gelation, crystallization, and chain alignment.81,95,117–
120

Recently, devices with improved performance and durability have been realized by
fabricating from solution of polymer blends.76,121–123 Typically each polymer in the blend
is soluble in a common solvent which allows for one-step solution processing, streamlining
the fabrication process.76,121 Additionally, polymer blends open the possibility of autoassembly or self-stratification into useful structures with practical interfaces for organic
electronics.73,94,124 As with spin casting single polymer solutions, the morphology of a
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polymer blend final film is dictated by the deposition conditions. However, the relationship
between spin casting conditions and structure formation in the fabricated film becomes
more complex with the addition of another polymer.38,55,80 The concurrent and competing
interactions between the two polymers, between polymers and solvent, and between
polymers and substrate result in a complex process where it is difficult to anticipate and
predict the final film structure.62 This limits the ability to rationally alter the spin casting
processing conditions to design the final device structure to a targeted morphology, which
is detrimental to improving device performance by directing final film architecture.66
The various binary interactions present in the deposition process of polymer blend
films are known, yet the importance of each interaction in the deposition process and its
contribution towards final film structure is less understood.66 Self-stratification is a term
used to encompass the vertical phase separation of polymer blends in thin films and is
widely accepted as a thermodynamically driven process despite intrinsic kinetic trapping
effects.125 Kinetic trapping occurs during the short time scales of spin-cast film formation
and prevents the blend solution from reaching its equilibrium. Many studies have
demonstrated varying device performance with a change in casting solvent. 81,95,117,126
However, the variation in device performance is often attributed to polymer-solvent or
specific surface energy interactions yet the impact of solvent evaporation rate and kinetics
of film formation are often overlooked.
To address these shortcomings, our group has studied the dominating driving forces
of film formation and stratification of poly(3-hexylthiophene-2,5-diyl) (P3HT) and
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poly(methyl methacrylate) (PMMA) blends by monitoring the final film structure as a
function of processing conditions, including casting speed, blend composition, and
polymer molecular weight.127 These experiments reveal that as polymer molecular weight
and blend composition were altered, thermodynamic interactions such as polymer surface
energy, and the polymer-polymer interaction parameter controlled final film stratification.
Additionally, the kinetic and thermodynamic effects on final film structure were decoupled
by controlling casting speed to vary film formation time, rather than introducing a more
slowly drying solvent, which would also alter the thermodynamic interactions of the
system. By keeping all thermodynamic parameters constant, the kinetic effects on final
film structure are isolated. These results showed that the longer film formation time of
slower casting speed resulted in larger extents of stratification relative to the samples
prepared at fast casting speeds. We attribute this increased layering to the fact that the fully
stratified film is the thermodynamic endpoint, and longer film formation time allows the
film to evolve closer towards this equilibrium.
The work describe here expands the solution and casting parameters including
blend composition, polymer molecular weight, and casting speed, to gain an increased
understanding of the impact of each thermodynamic parameter on the stratification process,
and provide a foundation that can aid in the development of guidelines to rationally design
and tune the stratification in polymer blend films simply by altering pre-deposition solution
properties and processing conditions.
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Experimental
Chlorobenzene (Sigma Aldrich), Poly(3-hexylthiophene-2,5-diyl) (P3HT) (Ossila,
regioregularity-95%, and number-average molecular weight (Mn) 19,500 g/mol and
polydispersity index (PDI) 1.75) and deuterated poly(methyl methacrylate (dPMMA)
(Polymer Source Inc., Mn (PDI), 20,000 g/mol (1.6), 131,500 g/mol (1.4), 316,000 g/mol
(1.35), 520,000 g/mol (1.4)) were used directly from the supplier and were not further
purified. Polymer blends were dissolved at 1 percent by weight in ratios of P3HT:dPMMA
5:95, 10:90, 15:85, 20:80 in chlorobenzene at 55°C overnight. Thin films were prepared
by spin coating (209.4 rad/s or 52.4 rad/s) the chlorobenzene solutions onto Si wafers. The
Si wafers were cleaned in a piranha solution (1:3 ratio of sulfuric acid and hydrogen
peroxide), washed with nanopure water, and placed under UV irradiation and ozone.
Neutron reflectivity experiments were conducted at the National Institute of
Standards and Technology’s Center for Neutron Research (NCNR) using the NG7
beamline with a Q range of 0.008-0.2 A-1 where Q= 4π/λ sin(θ); λ is the neutron
wavelength, and θ is the angle of incidence. The data for all incident angles was reduced
utilizing the NCNR software.
The solubility limits of protonated poly(methyl methacrylate) (H-PMMA) in
chlorobenzene were determined using transmission infrared spectroscopy (IR). H-PMMA
was obtained from Acros (Mn 15,000 g/mol), Sigma-Aldrich (weight average molecular
weight (Mw) 120,000 g/mol and 350,000 g/mol), and Mn 520,000 g/mol dPMMA was
obtained from Polymer Source. IR spectra were recorded with a Thermo Scientific Nicolet
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iS50 FTIR Spectrometer and a transmission cell. The solubility limits for H-PMMA and
dPMMA were determined by monitoring the intensity of the carbonyl peak (1730 cm -1)
(A) combined with the Beer-Lambert law (Equation 3.1) where c is the concentration of
the solution, 𝜀 is the molar absorptivity, and l is the path-length.
𝐴 = 𝑐𝜀𝑙

Equation (3.1)

The molar absorptivity was determined by measuring the intensity of the carbonyl
peak for each molecular weight of H-PMMA and dPMMA at known concentrations and
plotted as a function of PMMA concentration. The slope of the line from each of these
graphs is the molar absorptivity. A separate saturated solution for each molecular weight
was made, filtered, and serially diluted. The serial dilution is necessary because the detector
cannot detect such high carbonyl absorptivity. The intensity of the carbonyl peak is
obtained for each of the dilutions, compared to the Beer-Lambert Plot to determine the
concentration, and then this concentration is multiplied by the dilution factor to determine
the solubility limit. The P3HT solubility limit in chlorobenzene was obtained by following
a similar procedure except with the use of a Thermo Scientific Evolution 300 UV-vis
spectrophotometer and monitoring the intensity of the 457 nm peak.

Results
The effects of blend composition of P3HT:dPMMA (5:95, 10:90, 15:85, or 20:80),
dPMMA molecular weight (20,000 g/mol, 131,500 g/mol, 316,000 g/mol, or 520,000
g/mol) and casting speed (209.4 rad/s, 104.7 rad/s, or 52.4 rad/s) on thin film vertical
structure were examined via neutron reflectivity. Neutron reflectivity provides a
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normalized reflection profile as a function of incident wave vector, Q. The neutron
reflectivity data was fit using IGOR and Motofit software packages using a multi-layer
model. The analysis provides a scattering length density (SLD) depth profile with the
restraint that the SLD depth profile must adhere within 5% to the known composition of
the sample. The SLD depth profile from each sample was transformed into a P3HT volume
fraction as a function of the normalized thickness, where 0 denotes the air interface to 1
denotes the SiO2 interface. The normalization of thickness allows a more direct comparison
among the films formed from all casting speeds and polymer molecular weights. The
transformation into the P3HT volume fraction transpires by employing Equation 3.2:
𝑆𝐿𝐷𝑙𝑎𝑦𝑒𝑟 (𝑧)−𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴
𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴 −𝑆𝐿𝐷𝑃3𝐻𝑇

= 𝜙𝑃3𝐻𝑇 (𝑧)

Equation (3.2)

where SLDlayer(z) is the layer SLD of the sample at depth z, and φP3HT(z) is the volume
fraction of P3HT at depth z. The SLDs of P3HT and dPMMA were calculated from the
NCNR SLD calculator. The SLD values used throughout these experiments are 0.7x10-6
Å-2 and a range of 6.7x10-6Å-2–7.1x10-6 Å-2 for P3HT and the range of molecular weights
of dPMMA, respectively. The P3HT volume fraction depth profiles can be further analyzed
to provide a qualitative measure of the stratification. The extent of stratification and the
amount of error is determined by employing a previously described method.127 In this
method, the extent of stratification of a two-component system is compared to two
theoretical limits: a homogenous (0%, non-stratified) thin film and a completely stratified
(100%, two independently pure layers) thin film. The extent of stratification value obtained
by this analysis describes the extent of vertical phase separation of the two components.
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For example, a sample containing a 50/50 blend of two polymers is defined as stratified if
any layer contains more than 50% of either polymer.
Our previous studies of the stratification in spin-coated films investigated the
impact of molecular weight at a single spin speed (104.7 rad/s, Figure 3.1) as well as the
impact of casting speed at a single molecular weight (131,500 g/mol, Figure 3.2) on the
layered structure of the fabricated P3HT/dPMMA films. These results show that as the
dPMMA molecular weight decreased, a decrease of extent of stratification was observed
for all blend compositions prepared at 104.7 rad/s. In addition, as the P3HT concentration
in the blend increased, the extent of stratification increased regardless of the molecular
weight of dPMMA or casting speed used in the preparation of the sample. Moreover, the
casting speed did not alter the variation in stratification of samples formed from high or
low loadings of P3HT in the blend, yet a sample cast with a slower casting speed resulted
in a larger extent of stratification relative to the same sample prepared at faster casting
speeds.
The results reported in this manuscript expand the parameter space to include a
matrix of conditions that include spin casting speed (and thus rate of film formation),
dPMMA molecular weight, and blend composition. Figure 3.3 plots the extent of
stratification of the fabricated films as a function of dPMMA molecular weight for samples
containing four different blend compositions all cast at 209.4 rad/s. The samples consisting
of blend compositions of P3HT:dPMMA 10:90, 15:85, and 20:80 prepared at 209.4 rad/s
elicit a decrease in extent of stratification as the molecular weight of dPMMA decreases,
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Figure 3.1 A previously reported (Fig. 2.8) plot of extent of stratification as a function
of dPMMA molecular weight and blend composition 5:95 (black stars), 10:90 (red
stars), 15:85 (blue stars), and 20:80 (green stars) all prepared at 104.7 rad/s.
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Figure 3.2 Previously reported (Fig. 2.6) plot of extent of stratification as a function
of spin cast speed, and blend composition 5:95 (black stars), 10:90 (red stars), 15:85
(blue stars), and 20:80 (green stars) all prepared with 131,500 g/mol dPMMA.
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Figure 3.3 Plot of extent of stratification as a function of dPMMA molecular weight,
and blend composition 5:95 (black stars), 10:90 (red stars), 15:85 (blue stars), and
20:80 (green stars) all prepared at 209.4 rad/s.
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although the molecular weight impact on stratification is minimal relative to the samples
prepared at 104.7 rad/s. On the contrary, the samples consisting of 5:95 show an increase
in extent of stratification as a function of decreased dPMMA molecular weight from
520,000 g/mol to 131,500 g/mol. All blend compositions prepared with 20,000 g/mol
dPMMA display a drastically reduced extent of stratification relative to all the other
molecular weights measured. As the P3HT concentration increases in the blend
composition, the extent of stratification increases for samples prepared with molecular
weights of dPMMA of 131,500 g/mol, 316,000 g/mol, and 520,000 g/mol. Because the
extents of stratification for all blend compositions comprised of 20,000 g/mol dPMMA are
very similar, it is difficult to determine the impact of blend composition for these samples.
Figure 3.4 plots the extent of stratification for samples containing all four blend
compositions cast at 52.4 rad/s as a function of dPMMA molecular weight in the blend.
The overall trends for samples prepared at 52.4 rad/s as a function of blend composition
and dPMMA molecular weight are less clear compared to the trends observed from samples
prepared at faster casting speeds. When investigating each blend composition individually
as a function of molecular weight, 5:95 is the only blend composition in which an increase
in molecular weight elicits an increase in extent of stratification. The extent of stratification
for samples prepared with a blend composition of 10:90 remains fairly constant across all
molecular weights. The blend compositions 20:80 and 15:85 for molecular weights of
131,500 g/mol, 316,000 g/mol, and 520,000 g/mol exhibit a decrease in extent of
stratification as dPMMA molecular weight increases. The same blend compositions
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Figure 3.4 Plot of extent of stratification as a function of dPMMA molecular weight,
and blend composition 5:95 (black stars), 10:90 (red stars), 15:85 (blue stars), and
20:80 (green stars) all prepared at 52.4 rad/s.
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prepared with 20,000 g/mol dPMMA do not follow the same molecular weight
dependence. For the most part, an increase in P3HT concentration elicits an increase in
extent of stratification, however, this is only true for samples prepared with 131,500 g/mol
or 20,000 g/mol dPMMA at 52.4 rad/s.
To further investigate the impact of film formation time (kinetics) upon final film
structures and provide more insight into the driving forces of polymer blend stratification,
films formed from each dPMMA molecular weight was investigated independently as a
function of casting speed (209.4 rad/s, 104.7 rad/s, and 52.4 rad/s) for all P3HT:dPMMA
blend compositions (5:95, 10:90, 15:85, 20:80). Evaluating the extent of stratification as a
function of dPMMA molecular weight for samples prepared at 52.4 rad/s (Figure 3.4)
reveal a difference amongst the samples prepared with dPMMA molecular weights of
316,000 g/mol and 520,000 g/mol compared to samples prepared with 20,000 g/mol and
131,500 g/mol dPMMA. Figures 3.5 and 3.6 display the extent of stratification as a
function of casting speed for dPMMA molecular weights of 316,000 g/mol and 520,000
g/mol, respectively, while Figure 3.7 displays the extent of stratification as a function of
casting speed for samples containing 20,000 g/mol dPMMA. The extent of stratification
for samples containing 131,500 g/mol dPMMA as a function of casting speed can be
referenced in Figure 3.2.
All P3HT:316k dPMMA samples, displayed in Figure 3.5, show an increase in
extent of stratification as a function of decreased casting speed except for the sample
prepared with a blend ratio of 20:80. The composition of 20:80 experiences the largest
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Figure 3.5 Plot of extent of stratification as a function of spin cast speed, and blend
composition 5:95 (black stars), 10:90 (red stars), 15:85 (blue stars), and 20:80 (green
stars) all prepared with 316,000 g/mol dPMMA.
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extent of stratification when prepared at 104.7 rad/s, while all the other blend compositions
result in the largest extents of stratification when prepared at the slowest casting speed,
52.4 rad/s.
Regardless of blend composition, decreasing the casting speed from 209.4 to 104.7
rad/s results in an increase in extent of stratification. The difference in extent of
stratification between samples prepared at 104.7 rad/s and 209.4 rad/s is quite large. The
increase in the extent of stratification in the films when decreasing the casting speed from
104.7 rad/s to 52.4 rad/s results in smaller, if any, increases for all the blend compositions
except for the 20:80 blend. Apart from the differences in extent of stratification observed
at each casting speed, all blend compositions exhibit a correlation to the concentration of
P3HT in the blend, where an increase in P3HT concentration results in an increase in the
extent of stratification. The only discrepancy from this trend is the extent of stratification
observed for the 20:80 sample prepared at 52.4 rad/s.
Samples containing P3HT:520,000 g/mol dPMMA (Figure 3.6) prepared at 104.7
rad/s and 209.4 rad/s exhibit an increase in extent of stratification as a function of
increasing P3HT concentration in the blend. However, an increase in P3HT concentration
for samples prepared at 52.4 rad/s does not result in an increase in extent of stratification.
In fact, the extent of stratification decreases for samples prepared at 52.4 rad/s relative to
samples prepared at 104.7 rad/s for all blend compositions except the samples prepared
with P3HT:dPMMA 5:95. Additionally, the previously determined impact of casting speed
on extent of stratification (decrease in casting speed results in an increase in extent of
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Figure 3.6 Plot of extent of stratification as a function of spin cast speed, and blend
composition 5:95 (black stars), 10:90 (red stars), 15:85 (blue stars), and 20:80 (green
stars) all prepared with 520,000 g/mol dPMMA.
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Figure 3.7 Plot of extent of stratification as a function of spin cast speed, and blend
5:95 (black stars), 10:90 (red stars), 15:85 (blue stars), and 20:80 (green stars) all
prepared with 20,000 g/mol dPMMA.
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stratification) is only observed for the samples prepared with 5:95 blend compositions.
However, the extent of stratification does increase as the casting speed decreases from
209.4 rad/s to 104.7 rad/s for all the blend compositions, but when the samples are prepared
at 52.4 rad/s, a further increase in extent of stratification is not observed for blend
compositions of 10:90, 15:85, and 20:80.
The samples prepared with blend compositions of P3HT:20,000 g/mol dPMMA
5:95 result in an increase in extent of stratification as casting speed increases. The blend
composition of 10:90 results in a relatively constant extent of stratification around 35%,
for the slowest casting speeds, but when prepared at the fastest casting speed, a reduction
in the extent of stratification occurs. The samples prepared with blend compositions of
15:85 and 20:80 result in a drastic increase in extent of stratification when the casting speed
is decreased from 209.4 rad/s to 104.7 rad/s. The blend composition of 20:80 does not
experience a change in the extent of stratification as the casting speed is decreased from
104.7 rad/s to 52.4 rad/s, yet the blend composition of 15:85 experiences a decrease in
extent of stratification when changing the casting speed from 104.7 rad/s to 52.4 rad/s. The
15:85 blend composition obtains the largest extent of stratification (60%) occurring when
prepared at 104.7 rad/s, approximately 20% larger than the extent of stratification for this
sample prepared at 52.4 rad/s. For the samples containing 20,000 g/mol dPMMA, the
influence of P3HT concentration in the blend is dependent upon the casting speed. When
samples are prepared at 52.4 rad/s or 104.7 rad/s, an increase in P3HT concentration leads
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to an increase in extent of stratification. Contrarily, when samples are prepared at 209.4
rad/s, the impact of P3HT concentration upon the extent of stratification is unclear.

Discussion
The results presented here investigate the combined impact of the kinetics of
casting and the polymer molecular weights on the extent of stratification of spin-cast
polymer blend films. Our previous results (Figures 3.1 and 3.2) indicate that molecular
weight, film formation kinetics, and polymer loading, all play similar, yet independent
roles in dictating the final film layering structure. As a brief review, our previous results
found that an increase in P3HT concentration, which alters the miscibility of the blend, a
decrease in casting speed, which increases film formation time, and an increase in dPMMA
molecular weight, which alters the entropy of mixing, each independently increase the
extent of stratification in the fabricated blend film. The previous study examined each
independently and cannot speak to their relative impacts on stratification. To more
accurately define the relative importance of these factors in determining the extent of
stratification in spin cast polymer blend thin films, we have expanded our studies to
investigate thin films consisting of P3HT:dPMMA blends (5:95, 10:90, 15:85, 20:80), with
one of three dPMMA molecular weights (20,000 g/mol, 316,000 g/mol, 520,000 g/mol),
prepared at one of three casting speeds (209.4 rad/s, 104.7 rad/s, 52.4 rad/s). The vertical
structure of thin films formed from all blend compositions and all molecular weights of
dPMMA prepared at 104.7 rad/s as well as blends including 131,500 g/mol dPMMA
prepared at all casting speeds have been previously reported and will not be reviewed in
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this chapter, but the conclusions from those studies will be referenced throughout this
discussion.127 The discussion will be organized by first examining the impact of casting
speed (209.4 rad/s then 52.4 rad/s) and will proceed to elucidate the role of dPMMA
molecular weight in the extent of stratification in the spin cast polymer blend film.
209.4 rad/s Casting Speed Preparation
dPMMA Molecular Weight
The extents of stratification of all the samples prepared at 209.4 rad/s are provided
in Figure 3.3. For each specific blend composition prepared at 209.4 rad/s, the molecular
weights of the dPMMA did not have a significant impact on the extents of stratification.
This is contrary to the samples that are prepared at 104.7 rad/s, where a dependence of
dPMMA molecular weight was found. This change may be attributed to the film formation
time, where the samples prepared at 209.4 rad/s have a shorter film formation time than
those made at 104.7 rad/s.127 We attributed the stratification of the samples prepared at
104.7 rad/s to the entropic surface segregation of the smaller P3HT chains (i.e. an entropic
phase separation) during the slightly longer film formation time. Due to the shorter film
formation time of the 209.4 rad/s samples, we believe that there is not ample time for the
smaller P3HT chains to stratify in the spin casting process. Since chain end concentration
correlates to the amount of entropy in the system, our results indicate that entropy plays a
reduced role in the final film structure when samples are prepared at 209.4 rad/s, relative
to when samples are prepared at 104.7 rad/s. However, the extents of stratification for all
P3HT:20,000 g/mol dPMMA blends are significantly reduced relative to the blends
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containing larger molecular weight dPMMA. P3HT (~ 20,000 g/mol) and 20,000 g/mol
dPMMA have similar molecular weights and we can assume that both polymers contain
the same amount of free energy or entropy. Considering each polymer contributes a similar
amount of entropy to the system, the entropic contribution would not drive de-mixing of
the two polymers. Therefore, entropy plays a reduce role in driving stratification when
samples are prepared at 209.4 rad/s relative to slower casting speeds, yet the entropic
driving force must be present for other driving forces to have an impact on stratification.
P3HT Concentration
At 209.4 rad/s, the extent of stratification increases as the P3HT concentration
increases in the blend for all dPMMA molecular weights, except the smallest dPMMA
chains (20,000 g/mol) (Figure 3.3). The samples prepared with 20,000 g/mol dPMMA do
not show a trend as a function of extent of blend composition. The 5:95, 10:90, and 15:85
blends result in the similar extents of stratification while the 20:80 blend has a reduced
extent of stratification. Despite this result, the extent of stratification increase for less P3HT
concentrated blends is very minimal when compared to the impact P3HT concentration has
in larger dPMMA molecular weight blends prepared at 209.4 rad/s as demonstrated in the
supplementary information.
The P3HT volume fraction depth profiles (PVFDP) are obtained by transforming
the scattering length density profiles derived from the neutron reflectivity multi-layer fits.
The PVFDP provide crucial insight into the stratification patterns and must be examined
to inform our understanding of the samples prepared with 20,000 g/mol dPMMA at 209.4
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Figure 3.8 Plot of P3HT Volume Fraction Depth Profile for samples prepared with
20,000 g/mol dPMMA at 209.4 rad/s as a function of blend composition 5:95 (black),
10:90 (red), 15:85 (blue), and 20:80 (green).
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rad/s (Figure 3.8). Films formed from all blend compositions result in a relatively constant
P3HT concentration throughout the entire thickness of the film.
Our previous work ascribes the increase in extent of stratification observed with
P3HT concentration to the phase separation of the dPMMA and P3HT due to repulsive
interactions between the two polymers. These repulsive interactions are consistent with a
decrease in miscibility of the blend with increased loading of the P3HT, and the observed
increase in stratification with P3HT concentration at the highest dPMMA molecular
weights. We attribute the limited stratification of the P3HT (MW ~ 20,000 g/mol) and low
molecular weight dPMMA (20,000 g/mol) films prepared at 209.4 rad/s to a decrease in
P3HT and dPMMA immiscibility relative to the blends that contain the larger molecular
weight dPMMA (131,500 g/mol, 316,000 g/mol, 520,000 g/mol). The molecular weight
dependence of the miscibility of two polymers is captured by the Flory-Huggins
thermodynamic theory on mixing (Equation 3.3), where Equation 3.3 describes how the
degree of polymerization (N) of each polymer (A and B) impacts the critical interaction
parameter (χc).104,105
1

𝜒𝑐 = 2 ∗ (

1
√𝑁𝐴

+

1
√𝑁𝐵

2

)

Equation (3.3)

The critical interaction parameter is a dimensionless thermodynamic value
describing the propensity of two materials (polymer-polymer or polymer-solvent) to form
a homogenous system. A positive 𝜒𝑐 close to zero describes a blend that is less likely to
form a homogenous solution, relative to a larger positive 𝜒𝑐 which describes a blend more
likely to mix. To understand our results, Equation 3.3 is employed to estimate the critical
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interaction parameter of two polymers of different molecular weights where the degree of
polymerization of P3HT (𝑁𝐴 ) is kept constant as the degree of polymerization of dPMMA
(𝑁𝐵 ) is changed. The critical interaction parameters for each P3HT and dPMMA blend is
thus provided in Table 3.1 which shows that increasing the degree of polymerization of
dPMMA, NB , decreases 𝜒𝑐 . This is further interpreted to indicate that P3HT/dPMMA
blends containing larger molecular weights of dPMMA are less likely to be homogenous
and more likely to phase separate relative to blends containing a lower molecular weight
dPMMA. The lack of stratification in the 20,000 g/mol dPMMA samples prepared at 209.4
rad/s is also consistent with the lack of an entropic driving force for the smaller polymer to
segregate tot eh surface as both polymers in this blend have very similar chain lengths.
52.4 rad/s Casting Speed
To understand the impact of blend composition and molecular weight on the extent
of stratification at the slowest film formation time, all dPMMA molecular weights and
blend compositions were prepared at 52.4 rad/s. These extents of stratification of these
samples are plotted as a function of the dPMMA molecular weight in Figure 3.4. The
impact of dPMMA molecular weight on the extent of stratification for samples prepared at
52.4 rad/s is less clear relative to the impact of dPMMA molecular weight for samples
prepared at the two faster casting speeds. The stratification of the blend composition of
5:95 increased steadily with the dPMMA molecular weight, while the other compositions
exhibited an increase in extent of stratification at low dPMMA molecular weight but
remain constant or decrease for the two largest dPMMA molecular weights. The impact of
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Table 3.1 Critical interaction parameters based on the molecular weight of P3HT and
dPMMA in each blend.
dPMMA
Molecular
Weight
𝝌𝒄 (𝐏𝟑𝐇𝐓−𝐏𝐌𝐌𝐀)
(g/mol)
20,000 g/mol
0.0128
131,500 g/mol
0.007
316,000 g/mol
0.006
520,000 g/mol
0.005
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P3HT concentration on the extent of stratification is slightly clearer than the impact of
molecular weight for the samples prepared at 52.4 rad/s. Nonetheless, the impact of P3HT
concentration on the extent of stratification is not trivial for the polymer blend films
prepared at 52.4 rad/s. As P3HT concentration increases in the blend, the extent of
stratification increases for samples prepared with either 20,000 g/mol and 131,000 g/mol
dPMMA molecular weights, but the behavior of the samples prepared with 316,000 g/mol
and 520,000 g/mol dPMMA are more complex. Investigating the stratification of the
316,000 g/mol and 520,000 g/mol dPMMA samples prepared at 52.4 rad/s independently
may aid in elucidating the driving forces that guide extent of stratification when these
samples are prepared at this casting speed.
316,000 g/mol dPMMA
In the blend thin films that contain 316,000 g/mol molecular weight dPMMA, the
extent of stratification does not clearly correlate to the P3HT concentration in the blend.
The blend compositions that exhibit the smallest extent of stratification are the 5:95 and
10:90 samples (~50%) followed by the 20:80 film (66%) and finally, 15:85 (73%). To
understand this non-linear behavior, unlike the stratification of the samples that contain
20,000 g/mol and 132,000 g/mol dPMMA, the PVFDP of these films must be inspected
(Figure 3.9).
Inspection of Figure 3.9 shows that the blends composed of 5:95 and 10:90 have
P3HT rich layers at the air interface, while the 15:85 and 20:80 blends have P3HT rich
layers at both interfaces. The blend containing 15:85 P3HT:316,000 g/mol dPMMA has a
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Figure 3.9 Plot of P3HT Volume Fraction Depth Profile for samples prepared with
316,000 g/mol at 52.4 rad/s as a function of blend composition 5:95 (black), 10:90
(red), 15:85 (blue), and 20:80 (green).
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thin layer of nearly pure P3HT at the air interface, while the P3HT in the layer at the silicon
interface is not the majority component. The blend containing 20:80, on the other hand,
has a highly concentrated P3HT layer at the silicon surface, while the P3HT layer at the air
interface contains a lower concentration of P3HT.
A P3HT rich layer forming at the Si interface is unexpected based on the
thermodynamic properties of the film, including the entropic driving forces and surface
energy. The surface energy and molecular weight of P3HT is much lower than that of
dPMMA in these blends. If the surface energy was the dominant driving force responsible
for stratification, P3HT would segregate to the air interface. Additional driving forces for
stratification must be considered to explain the P3HT rich layer at the Si surface when this
blend of P3HT:dPMMA is prepared at 52.4 rad/s.
As the casting speed is decreased during film fabrication, the film formation time
increases due to slower solvent evaporation times. As solvent evaporates, the concentration
of solids dissolved in solvent increases until the final film formation. At a certain point in
the solvent evaporation process, the solubility limit of a polymer is reached, and the
polymer precipitates. At fast casting speeds, the precipitation of the polymer and the final
film formation appear to occur nearly simultaneously, and the solubility limit of the
polymer does not appear to impact the film structure. However, as the casting speed
decreases, the amount of time between the precipitation of the polymer and the final film
formation increases. Since we only observe P3HT formation at the Si surface at the slowest
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casting speed, it seems reasonable that the relative solubility limits need to be considered
for these slow casting speeds.
The solubility for all the polymers in the casting solvent (chlorobenzene) used in
this study were experimentally determined and are plotted in Figure 3.10. The solubility
limit of P3HT in chlorobenzene (16 mg/mL) is an order of magnitude less than the
solubility of all the dPMMA samples in chlorobenzene (10-32 g/mL depending on
molecular weight). It is important to note that the solubility of each polymer is well above
the solution concentrations used to cast the thin films and prior to spin casting, i.e. both
polymers are fully dissolved in chlorobenzene in the pre-casting solution. Despite this fact,
spin casting drives solvent evaporation, leading to an increase solid concentration during
spin coating, where the polymer concentration crosses the solubility limit of each polymer
during deposition. Since P3HT is less soluble in chlorobenzene, P3HT reaches its solubility
limit first. We therefore attribute the formation of P3HT rich layers at the Si interface for
samples containing P3HT:dPMMA 15:85 and 20:80 to the large differences in the
solubility limits of dPMMA and P3HT in chlorobenzene. During the casting process and
solvent evaporation, P3HT reaches its solubility limit prior to dPMMA. Once the solubility
limit is reached, P3HT precipitates from solution, and forms a layer of P3HT at the silicon
surface. This interpretation is consistent with the fact that the P3HT rich layer at the Si
surface transpires for samples with higher concentrations of P3HT. These blends reach the
solubility limit more quickly than the lower concentration blends at the same casting speed.
The precipitation of P3HT initiates a phase separation for the otherwise miscible blend
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Figure 3.10 Solubility of the polymers utilized in this study in chlorobenzene.
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solutions resulting in the P3HT rich layer found at the Si interface for the blends with
higher P3HT concentration. This precipitation results in increased extents of stratification
relative to the blends containing a lower P3HT concentration.
Additionally, the formation of a thin P3HT layer at the silicon substrate masks the
surface energy of the substrate (becoming similar to P3HT) leading to a drastic increase in
the apparent surface energy of the substrate. This change in substrate surface energy further
drives P3HT towards the Si surface, in addition to the otherwise preferred air interface.
The simultaneous driving forces that sequester the P3HT to both air and silicon interfaces
results in smaller extents of stratification for samples prepared at 52.4 rad/s when the
solubility limit is reached prior to final film formation.
520,000 g/mol dPMMA
To utilize the same analysis process as above, the PVFDP of the thin film blends
that include 520,000 g/mol dPMMA prepared at 52.4 rad/s are provided in Figure 3.11.
Unlike the samples prepared with 316,000 g/mol dPMMA, the blend composition resulting
in the largest extent of stratification is 5:95 (75%) followed by 20:80 and 10:90 having
almost the same extent of stratification (51%) and finally, 15:85 has the lowest extent of
stratification (35%).
The P3HT rich layer organizes at the air interface for the sample containing 5:95
and it is the only sample with this structure. The blend composition of 20:80 is comprised
of a P3HT rich layer at the air interface, as well as at the silicon substrate. The 20:80 sample

95

Figure 3.11 Plot of P3HT Volume Fraction Depth Profile for samples prepared with
520,000 g/mol at 52.4 rad/s as a function of blend composition 5:95 (black), 10:90
(red), 15:85 (blue), and 20:80 (green).
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is the only sample where a P3HT rich layer is found at the Si substrate. The middle two
blend compositions (10:90 and 15:85) exhibit similar stratification patterns to one another
where the P3HT rich layer seems to broaden into the middle bulk of the film. The P3HT
layer accumulating at the silicon substrate is explained by the premature precipitation of
P3HT occurring prior to film formation, yet the reason that the P3HT extends into the bulk
of the film is less understood. This middle layer is found in the top half of the film closest
to the air interface, consistent with the stratification of P3HT towards the air interface. As
mentioned above, the precipitation of P3HT during the deposition process appears to be an
important process in the development of the stratification of slowly formed blend films. In
this process, the precipitated P3HT must also diffuse though the solvated dPMMA to reach
the silicon substrate. The rate at which P3HT diffuses through solvated dPMMA is dictated
by the size of the dPMMA chains, where the diffusion of the P3HT chains through a larger
dPMMA matrix will be slower than its diffusion through a smaller matrix.
The slower diffusion of P3HT through the 520,000 dPMMA matrix manifests as
the broadening of the P3HT concentration profile in the middle of the film rather than at
the silicon surface. Additionally, the inability of P3HT is unable to phase separate from
dPMMA leads to a decrease in the extent of stratification for the higher concentration
P3HTR samples. The coupling of this precipitation to the entropic and enthalpic driving
forces for stratification results in a complex process that is difficult to control for the high
chain length dPMMA samples. However, these results do reveal the importance of
considering the solubility limits of the polymers in the pre-deposition solvent, especially
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when the polymer with the lower solubility limit is the polymer with the smallest surface
energy.
Influence of Film Formation Time on Stratification
These results indicate that an increase in miscibility and reaching the solubility limit
may dominate the film formation process over other entropic and enthalpic driving forces.
The results presented above show that the increased miscibility of polymers with the same
molecular weight leads to more homogeneous and less stratified samples, but only at the
fastest casting speed and that the relative solubility limits of the two polymers needs to be
considered at the slowest casting speed. Determining the dominant driving force(s) for the
stratification of the polymer blend films at each specific spin speed provides an interesting
summary of the results. With this in mind, the extents of stratification as a function of
casting speed for each molecular weight (316,000 g/mol, 520,000 g/mol, 20,000 g/mol)
and blend composition are provided in Figures 3.5, 3.6, and 3.7, respectively.
316,000 g/mol dPMMA
Figure 3.5 shows the extent of stratification for samples containing 316,000 g/mol
as a function of casting speed and blend composition. The extent of stratification increases
as the casting speed decreases for three of the four blend compositions (5:95, 10:90, and
15:85). The 20:80 blend thin film exhibits an increase in extent of stratification as the
casting speed decreases from 209.4 rad/s to 104.7 rad/s, but the extent of stratification
decreases for the slowest casting speed analyzed. We attribute this decrease in stratification
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to P3HT precipitating from solution prior to film formation, as in the previous section. It
is noteworthy that, except for this slowest casting speed and highest blend composition,
the extent of stratification increases as the casting speed decreases, or as film formation
time is extended. This result agrees with previous results that monitor the extent of
stratification as a function of casting speed for similar P3HT:dPMMA blend thin films that
contain 131,500 g/mol dPMMA.
520,000 g/mol dPMMA
The thin film formed from the 5:95 blend with 520,000 g/mol dPMMA exhibits an
increase in the extent of stratification with a decrease in casting speed (which correlates to
an increase in film formation time), as shown in Figure 3.6. The three blend compositions
with highest concentrations of P3HT (10:90, 15:85, and 20:80) exhibit an increase in the
extent of stratification as casting speed decreases from 209.4 rad/s to 104.7 rad/s but shows
a drastic decrease in extent of stratification at the slowest casting speed (52.4 rad/s)/longest
film formation time. The more concentrated P3HT blend compositions result in reduced
extents of stratification due to the precipitation of P3HT from solution during film
formation and the inhibited diffusion of P3HT to the silicon interface in the high dPMMA
molecular weight matrix. The studies of the stratification of the 316,000 g/mol and 520,000
g/mol dPMMA samples as a function of casting speed indicate that the longer film
formation time does indeed provide a driving force to increase the extent of stratification,
except when the film formation time is long enough that solubility limit of the P3HT
inhibits stratification of P3HT to the air interface.
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20,000 g/mol dPMMA
The solubility limits of P3HT interfered with the extent of stratification as a
function of casting speed trends for samples prepared with 131,500 g/mol and 520,000
g/mol dPMMA at slow casting speeds, while at fast casting speeds, the improved
miscibility of 20,000 g/mol P3HT and 20,000 g/mol dPMMA inhibited stratification as
well. To complete this study, the extent of stratification of the 20,000 g/mol dPMMA blend
as a function of casting speed is also analyzed and is shown in Figure 3.7.
As the casting speed is decreased, the 5:95 blend experiences an increase in extent
of stratification. Casting speed has an inverse relationship with film formation time, and
therefore, an increase in film formation time leads to an increase in extent of stratification,
agreeing with previous results. However, this is not the case for the other three blend
compositions 10:90, 15:85, and 20:80. For the 10:90 and 15:85 samples, the extent of
stratification drastically increases as the casting speed decreases from 209.4 rad/s to 104.7
rad/s, but decrease in the extent of stratification as the casting speed decreases further from
104.7 rad/s to 52.4 rad/. Meanwhile, the extent of stratification of the film formed from the
20:80 blend remains consistent at ~65% at the slower spin speeds. To understand these
trends, the PVFDP are analyzed. The PVFDP for samples containing 20,000 g/mol
dPMMA prepared at 209.4 rad/s are shown in Figure 3.8 and the PVFDP for the same
samples prepared at 52.4 rad/s and 104.7 rad/s are displayed in Figures 3.12 and 3.13.
In the depth profiles for samples prepared at the slowest spin speed, 52.4 rad/s,
P3HT rich layers are found near the air interface (0) that extend into the middle of the film
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Figure 3.12 Plots of P3HT Volume Fraction Depth Profiles for samples prepared with
20,000 g/mol at 52.4 rad/s as a function of blend composition 5:95 (black), 10:90 (red),
15:85 (blue), and 20:80 (green).
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Figure 3.13 Plots of P3HT Volume Fraction Depth Profiles for samples prepared with
20,000 g/mol at 104.7 rad/s as a function of blend composition 5:95 (black), 10:90
(red), 15:85 (blue), and 20:80 (green).
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for the 5:95 and 10:90 blend compositions. The 15:85 and 20:80 blend compositions form
a P3HT rich layer at the silicon interface. It is interesting that even though the P3HT rich
layers do not form at the same air or silicon interface, the extents of stratification for each
of these blend compositions appears to increase with the concentration of P3HT in the
blend. This result emphasizes that only looking at the extent of stratification for a specific
sample does not describe the stratification completely. The P3HT layers formed at the
silicon substrate for the highest blend compositions are ascribed to the precipitation of
P3HT prior to film formation. The extent of stratification is largest for the samples cast at
104.7 rad/s, rather than the samples cast with the slowest casting speed. The precipitation
of P3HT competes with the entropic and surface energy factors driving P3HT to the air
interface for samples cast at the slowest casting speeds and although the extent of
stratification is larger for films formed at slightly higher speeds, the precipitation may also
play a role in the stratification of films formed at slightly faster spin speeds as well. For
samples with 20,000 g/mol prepared at 104.7 rad/s (Figure 3.13), the P3HT layers are only
found at the air interface but show either two P3HT rich layers with varying concentrations,
or a P3HT rich layer with broad interface (gradual change in concentration) into the PMMA
rich layer for the 10:90, 15:85, and 20:80 blends. This is consistent with the segregation of
the P3HT to the air interface, combined with the precipitation of P3HT during film
formation, but the impact of this precipitation is less apparent than the samples prepared at
a slower casting speed and longer film formation time. The precipitation of P3HT competes
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with the forces responsible for driving P3HT to the air interface which may decrease the
extent of stratification measured for these samples.
131,500 g/mol dPMMA
The highly concentrated P3HT blend compositions prepared with 20,000 g/mol,
316,000 g/mol, and 520,000 g/mol dPMMA exhibit P3HT precipitation when prepared at
the slowest casting speed, 52.4 rad/s. Figure 3.14 compares the PVFDP of samples
consisting of 131,500 g/mol dPMMA prepared at 52.4 rad/s. Regardless of blend
composition, all samples stratify to form P3HT rich layers at the air interface. As with the
20,000 g/mol samples prepared at 104.7 rad/s, the P3HT rich layers at the air interface
show two to three distinct P3HT rich layers each with different P3HT concentrations. This
is consistent with P3HT precipitation where its segregation to the Si surface is attenuated
by other driving forces (i.e. lower surface energy and smaller molecular weight) that pull
P3HT to the air interface. The fact that the 131,500 dPMMA is a longer chain than the
P3HT in this samples means that there is a larger entropic driving force for the P3HT to go
to the surface than in the 20,000 dPMMA samples. This larger entropic driving force can
compete with the segregation of the P3HT to the Si surface that is driven by the P3HT
precipitation, where this competition results in a layering of the P3HT in the film, but no
segregation at the Si surface.
Since the entropic driving force for P3HT to stratify at the air interface increases
with larger molecular weight dPMMA, the influence of the P3HT solubility limit on the
stratification therefore decreases with increasing dPMMA chain length. These results
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Figure 3.14 Plot of P3HT Volume Fraction Depth Profile for samples prepared with
131,500 g/mol at 52.4 rad/s as a function of blend composition 5:95 (black), 10:90
(red), 15:85 (blue), and 20:80 (green).
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indicate that the entropic driving forces and the influence of the P3HT solubility compete
in the stratification process, and to control the stratification of polymer blends, these two
driving forces must be understood and controlled when films are prepared at slow casting
speeds and long film formation times.

Conclusion
Polymer blend thin film depth profiles were obtained through neutron reflectivity
experiments of spin cast P3HT/dPMMA blend thin films. The results presented in this
paper indicate a hierarchy of driving forces that control the film vertical profile, where
there appears to be a coupling of the thermodynamic and kinetic factors that influence film
morphology. At high spin rates and thus films that are formed very quickly, the
immiscibility of the blend is the dominant driving force in the stratification of the polymer
blend. More specifically, the stratification of the components is driven by the relative
surface energies of the polymers in the blend. As the casting speed decreases and film
formation time increases, the immiscibility and surface energy contrast between the two
polymers still drives the vertical stratification, but entropic driving forces, which are related
to the relative molecular weight of the two polymers, become important in the stratification
process. This competition of multiple factors manifests the most at the slowest casting
speed and longest film formation times, where the polymer-polymer miscibility, relative
surface energies, and entropy of the two polymers in the thin film simultaneously dictate
the extent of stratification. Moreover, at these longer film formation times, the solubility
limits of the two polymers in the pre-deposition solvent also play a role in the final film
106

structure. As the casting speed is decreased, the time between precipitation of the solid
polymers from solution and the film completion increases. Once a polymer has reached its
solubility limit during the casting process, further stratification of that polymer is now
impeded.
The entirety of these results indicate that the dominant thermodynamic driving
force driving the stratification of P3HT:dPMMA thin films is the immiscibility of the
polymer blend. Yet by intelligently altering the kinetics and balancing the thermodynamic
properties controlled by the polymer blend composition and polymer molecular weight, the
extent of stratification and depth profiles can be tailored. Although these results isolate the
relative importance of individual thermodynamic parameters, the results
reported here provide insight into the kinetic factors that couple to the important
thermodynamic properties (entropy, enthalpy, solubility, miscibility) and impact the
stratification of a polymer blend.
In these studies, the least amount of stratification was observed when the two
polymers were the most miscible, which occurs for the blend containing the two smallest
molecular weights. According to the results in this manuscript, to maximize the amount of
stratification of a sample, as well as acquire a sharp interface between the stratified layers,
the surface energy difference and variation in quantity of chain ends between the polymers
should be maximized. However, it should be noted that for these P3HT:PMMA blends, the
P3HT always has the lowest molecular weight and smallest surface energy. The
conclusions outlined in this paper may be applied to other systems where the lowest
107

molecular weight polymer also has the smallest surface energy because these
thermodynamic properties drive the polymer to the air interface. Additional experiments
are required to understand the balance between surface energy and entropic driving forces
in stratification of polymer blends where the lowest surface energy polymer has a
significantly higher molecular weight.
Although these results monitored the behavior of P3HT:dPMMA, polymer blends
that are suitable for organic transistors where a sharp interface is desirable, these results
also provide a fundamental understanding of the coupling of thermodynamic and kinetic
factors in the film formation process to create a less stratified film, for instance if a blend
thin film that were to be used in bulk heterojunction devices. Moreover, this fundamental
understanding provides insight that can be used to rationally design one step solution
processing protocols of a multitude of polymer blends where the targeted stratification for
the application is known.
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Figure 3.15 P3HT volume fraction depth profiles of P3HT:131,500 g/mol dPMMA
5:95 (solid black), 10:90 (solid grey), 15:85 (dashed black), 20:80 (dashed grey) blends
spin cast from chlorobenzene at 209.4 rad/s where 0 is the air interface and 1 is the
SiO2.
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Figure 3.16 P3HT volume fraction depth profiles of P3HT:316,000 g/mol dPMMA
5:95 (solid black), 10:90 (solid grey), 15:85 (dashed black), 20:80 (dashed grey) blends
spin cast from chlorobenzene at 209.4 rad/s where 0 is the air interface and 1 is the
SiO2.
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Figure 3.17 P3HT volume fraction depth profiles of P3HT:520,000 g/mol dPMMA
5:95 (solid black), 10:90 (solid grey), 15:85 (dashed black), 20:80 (dashed grey) blends
spin cast from chlorobenzene at 209.4 rad/s where 0 is the air interface and 1 is the
SiO2.
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CHAPTER FOUR A 3-DIMENSIONAL ASSESSMENT OF THE
LATERAL AND VERTICAL PHASE SEPARATION OF
IMMISCIBLE POLYMER BLEND THIN FILMS
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Abstract
Blends of conjugated and insulating polymers are of recent interest to improve the
efficiency and durability of organic electronic devices such as field effect transistors. The
necessary morphologies and appropriate crystalline length scales for effective electronic
devices have been widely reported, in addition to the processing conditions necessary to
fabricate effective devices. However, the processing conditions needed to elicit the
required morphologies for effective device properties are often overlooked. The work
presented in this chapter investigates the impact of polymer blend composition of poly(3hexylthiophene-2,5-diyl) (P3HT) and deuterated poly(methyl methacrylate) (dPMMA) and
spin cast speed on the 3-dimensional thin film blend morphologies. These processing
conditions are correlated to the lateral and vertical film structures obtained by the careful
analysis of Small Angle Neutron Scattering (SANS) and Neutron Reflectometry (NR)
experiments, respectively.
Our results indicate specific control of the vertical and horizontal interfacial
breadths, as well as the purity of each P3HT rich or dPMMA rich phase through simple
changes in the processing conditions. An increase in the sharpness of the vertical interfaces
in conjunction with a decrease in the horizontal interfacial breadth is observed when the
spin cast speed is increased. Additionally, as spin cast speed decreases, the lateral phase
contrast increases while decreasing the vertical phase contrast and phase purity. Increasing
the concentration of P3HT in the blend increases the breadth of horizontal interfaces, while
decreasing the breadth of the vertical interfaces.
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Quick inspection of the SANS and NR data is counterintuitive where an increase in
film formation time via a decrease in casting speed leads to decreased phase contrast in the
lateral direction, but increased phase contrast in the vertical direction. A more thorough
analysis reveals that vertical rearrangement of P3HT to the air interface, driven by entropy
and the reduction of surface energy at the air interface, is the dominant directional phase
separation during the spin casting process, relative to lateral phase separation of P3HT and
dPMMA. As P3HT is driven towards the air interface, P3HT is thermodynamically driven
to spread across the surface of dPMMA. The lateral spreading is monitored in the SANS
experiment and manifests as an increase in phase size and a reduction in compositional
contrast between domains as film formation time increases.

Introduction
Organic electronics have gained attention recently for their low-cost, flexibility,
and simple processing.76,89,92,93,128 Conjugated polymers are a common component in
organic electronics as their inherent preference to align with a high degree of piconjugation orientation can enhance performance. However, on their own, conjugated
polymers exhibit poor environmental and electronic stability over long periods of
operation.129,130 One method to combat this is the deposition of a conjugated polymer active
layer with an insulating dielectric polymer from solution as a single step solution.121
Combining these materials couples their advantageous properties and many times the
electronic properties of a blended device exceeds the properties of a device consisting
solely of the conjugated polymer.131 This is often the case because blending during the
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processing step results in an automatic self-assembly of the thin film during deposition
referred to as self-stratification.53,86,123,124 Self-stratification, a spontaneous thermodynamic
process in which a film separates into layers in a film is used to streamline and lower costs
in a range of thin film fabrication processes.97,132
The structures produced during self-stratification result in an increase in the quality
of the interfaces between the active and insulating layers’, which allows further exciton
dissociation throughout the active layer.133 The length scales of highly ordered regions and
the qualities of the interfaces between them that are necessary for efficient device
performance is well understood.134 Moreover, the orientation of the insulating/conducting
interface, i.e. whether it is perpendicular or parallel to the substrate, plays a key role in
device efficiency.135 Whether a sharp or broad interface is required is also device
dependent; where a well-defined interface, or channel, parallel to the substrate is beneficial
for field-effect transistors,129 and any interface between an acceptor and a donor region,
regardless of orientation, is preferred for photodiodes due to the importance of exciton
separation.136
Many studies across a wide array of electronic devices have utilized blended
materials and have confirmed improvement of device efficiency by changing the deposition
conditions such as solvent, active or insulating polymer, substrate surface energy, or by
introducing a post fabrication annealing step56,131,137–139 Optimizing the processing
conditions to obtained increased device performance shows that the processing conditions
impact the final device structure. Unfortunately, a thorough understanding of the
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correlation between final device structure and specific processing conditions is still
lacking. Moreover, the in plane and out of plane structures of the thin film blend
undoubtedly play a role in electron transfer throughout an active layer, yet the
understanding and characterization of these structures is limited.140
The work presented in this chapter looks to bridge the gap between solution
processing conditions and the final film structures that develop parallel and perpendicular
to the substrate during the deposition process. By analyzing polymer blend thin films with
neutron reflectivity and small-angle neutron scattering (SANS), the lateral and vertical
morphology of the thin film can be determined. SANS and reflectivity offer orthogonal
techniques to understand the 3-dimensional phase separation of the thin film blend, which
is important as structures in either or both directions may contribute to the properties of the
final film.66,117 The polymer blend of interest is poly(3-hexylthiophene-2,5-diyl) (P3HT)
and deuterated poly(methyl methacrylate) (dPMMA), bench mark organic materials used
in field effect transistors.
The phase separation of P3HT and dPMMA can be attributed to the immiscibility
of the blend, however, extensive vertical phase separation but limited lateral phase
separation is needed to obtain effective devices.74,81,90 Because of the impact morphology
and directional phase separation has on device efficiency, the final film structures must be
closely monitored as the processing conditions are changed. In this study, thin films are
fabricated via single step spin casting from solution and the processing conditions of
interest are blend composition and casting speed. The experiments presented here not only
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utilize a single step process to streamline the film fabrication process, the results provide
insight that will enable the control and engineering of lateral and vertical interfaces in many
thin film blends simply by altering the processing conditions. This straightforward method
to tailor final film morphology and structure presents opportunities for streamlined thin
film fabrication regardless of the polymer materials.

Experimental
Chlorobenzene (Sigma Aldrich), d5-chlorobenzene (Sigma-Aldrich), (Poly(3hexylthiophene-2,5-diyl) (P3HT) (Ossila, regioregularity-95%, with number-average
molecular weight (Mn) 19,500 g/mol and polydispersity index (PDI) 1.75), deuterated
poly(methyl methacrylate-d8) (dPMMA) (Polymer Source Inc., Mn (PDI), 316,000 g/mol
(1.35)), protonated poly(methyl methacrylate) (PMMA) (Sigma-Aldrich, weight average
molecular weight, Mw 350,000 g/mol) were used directly from the supplier and were not
further purified.
Polymer blends were dissolved at 1 percent by mass in ratios of 5:95, 20:80
P3HT:dPMMA in chlorobenzene. These ratio annotations will be used throughout the
paper to describe blend compositions. These solutions were dissolved by stirring at 55 °C
overnight.
The Si wafers were cleaned in a piranha solution (1:3 ratio of sulfuric acid and
hydrogen peroxide), washed with nanopure water, and allowed to sit under UV irradiation
and ozone for 30 minutes. Thin films were prepared by spin coating the chlorobenzene
solutions at a range of speeds (209.4 rad/s, 104.7 rad/s, 52.4 rad/s) onto Si wafers.
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Neutron reflectivity experiments were conducted at the National Institute of
Standards and Technology’s Center for Neutron Research using the NG7 beamline with a
Q range of 0.008-0.2 A-1 where Q= 4π/λ sin(θ); λ is the neutron wavelength, and θ is the
angle of incidence. The data for all incident angles was reduced utilizing the NCNR
software.99
Small Angle Neutron Scattering (SANS) experiments were conducted at Oak Ridge
National Laboratories at the High Flux Isotope Reactor using the General-Purpose SANS
(CG-2) beamline. Three separate detector distances of 0.3, 2, and 12.5 meters with a
wavelength of 6Å allowed a Q range of 0.0034 to 0.3363 Å-1 where Q = 4π/λ sin(θ/2), λ is
the neutron wavelength, and θ is the scattering angle. Each sample was prepared as a thin
film spin cast onto a Si wafer. This sample was then cut into 2x2 cm squares. Twelve of
the cut samples were stacked and place in the scattering beam for analysis. Dilute solutions
of P3HT in d5-chlorobenzene (0.25 weight percent, 0.5 weight percent, 0.75 weight percent
and 1 weight percent) and PMMA in d5-chlorobenzene (1 weight percent, 1.5 weight
percent, 2 weight percent, 2.5 weight percent) were prepared for a Zimm plot analysis. All
raw data was normalized to detector dark current, detector sensitivity, and empty cell.

Results
The spin casting variables investigated in this paper are the casting speed and the
blend composition. These parameters were selected to investigate the impact of both
thermodynamic interactions (blend composition) and kinetic (casting speed) effects on the
lateral and vertical phase separation of the blend in the cast film. We employ both neutron
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reflectivity and SANS to determine the extent of phase separation in the vertical and lateral
directions, respectively.
Vertical stratification was characterized with neutron reflectivity. Each sample’s
reflectivity curve was fit with a multi-layer model using IGOR and Motofit software
packages.100 The model fit provides the scattering length density (SLD) of the sample as a
function of distance from the air interface. The model fit was verified for conservation of
mass by verifying the model SLD is within 5% of the expected average SLD of the polymer
blend based on the spin cast solution. Each SLD curve was transformed into a P3HT
volume fraction profile using Equation 4.1:
𝑆𝐿𝐷(𝑧)−𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴
𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴 −𝑆𝐿𝐷𝑃3𝐻𝑇

= 𝜙𝑃3𝐻𝑇 (𝑧)

Equation (4.1)

where SLD(z) is the SLD of the sample at depth z, SLDdPMMA is the SLD of dPMMA,
SLDP3HT is the SLD of P3HT, and φP3HT(z) is the volume fraction of P3HT at depth z in the
layer. The SLDs of P3HT and dPMMA were calculated from the NCNR SLD calculator
and are estimated to be 0.7x10-6 A-2 and 6.6x10-6A-2, respectively. In addition, the thickness
of each sample was normalized using the total film thickness from the neutron fit, where 0
is the air interface and 1 is the SiO2 interface. The normalized film thickness allows for a
comparison of all samples, regardless of casting speed or blend composition, parameters
known to impact film thickness.141
Each P3HT volume fraction depth profile provides a horizontally average of the
concentration of P3HT as a function of film depth (thickness) for each sample. To
qualitatively compare each volume fraction depth profile, a P3HT rich layer represents the
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layers in which the P3HT concentration exceeds the concentration of P3HT in the original
polymer blend solution. For example, a P3HT rich layer in a sample deposited from a
solution of P3HT:dPMMA 5:95 will have concentrations above 5% P3HT. This same
definition is applicable for dPMMA rich layers.
Figures 4.1a and 4.1b show the P3HT volume fraction depth profiles of the cast
5:95 and 20:80 blends, respectively, as a function of casting speed. As observed in each
Figure, the stratification varies with casting speed despite the fact all other processing
conditions remain unchanged. The shape and relative thickness of the P3HT rich layer in
all 20:80 samples (Figure 4.1b) are similar, where the breadth of the interfaces between the
P3HT rich layer and the PMMA rich layer are sharp. Paradoxically, the samples prepared
with 5:95 blends (Figure 4.1a), all have a gradual slope representing a broad interface
between the P3HT rich layer and PMMA rich layer. It is difficult to determine the exact
thickness of the P3HT rich phase in each spin cast sample prepared with 5:95 due to the
breadth of this interface. Despite the difficulty in precisely locating the interface between
the P3HT rich and PMMA rich phases, the normalized thickness of the P3HT rich layer is
not drastically different among the samples prepared with 5:95 solution. For all samples
prepared with 5:95, P3HT is found at the air interface with an increase in P3HT
concentration in the P3HT rich layer at the air interface as the casting speed decreases.
The volume fraction depth profiles for samples prepared from 20:80 solutions
(Figure 4.1b) display a drastic difference in the concentration of P3HT and the interface
(air or Si) in which it resides; both properties are seemingly dependent on casting speed.
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Figure 4.1 P3HT volume fraction depth profiles for P3HT:dPMMA (a) 5:95 and (b)
20:80 cast from chlorobenzene at 209.4 rad/s (red), 104.7 rad/s (green), and 52.4 rad/s
(blue) where 0 is the air interface and 1 is the SiO2 interface.
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The sample prepared at 209.4 rad/s exhibits a reduced concentration of P3HT in the P3HT
rich layer relative to the samples prepared at 104.7 rad/s, yet the sample prepared at 52.4
rad/s has the smallest concentration of P3HT in the rich layer relative to the other two
casting speeds. The P3HT rich layer of the two samples prepared at 52.4 rad/s, 20:80 and
5:95, are located at the air and Si interfaces, respectively. The 20:80 sample prepared at
52.4 rad/s is the only sample in this set where the P3HT rich layer is at the Si interface.
To quantify and compare the degree of stratification for each sample, a previous
analytical method was employed.127 This method defines limits to describe the extent of
stratification in a final film. First, a theoretical completely stratified sample is represented
by two layers of pure P3HT and dPMMA and second, a homogenous thin film is defined
as a constant concentration of P3HT throughout the entire thickness of the film. These
limits provide the baseline limits to quantify the stratification of different samples
regardless of processing conditions as described in our previous work.127 This protocol was
utilized for each of the samples in Figures 4.1a and 4.1b and the extent of stratification for
each sample is displayed in Figure 4.2. At each spin speed utilized, the extent of
stratification is larger in samples with 20% P3HT relative to the samples with 5% P3HT.
For the samples prepared with 5:95 solutions, there is a small increase in extent of
stratification as the spin speed decreases. On the other hand, samples containing 20:80
show a small increase in extent of stratification as the spin speed decreases from 209.4
rad/s to 104.7 rad/s, but a drop of the extent of stratification occurs when the spin speed is
decreased further from 104.7 rad/s to 52.4 rad/s where the extent of stratification is the
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Figure 4.2 Plot of extent of stratification as a function of spin speed, and blend
composition, P3HT:dPMMA 5:95 (blue squares) and 20:80 (orange squares).
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smallest of all three casting speeds.
The lateral phase separation of the thin films was determined by the analysis of the
SANS curves. The resultant SANS curves for all samples P3HT:dPMMA 5:95 and 20:80
prepared at 209.4 rad/s, 104.7 rad/s, and 52.4 rad/s are displayed in Figure 4.3. To account
for differences among film thicknesses, all sample curves were reduced to the thickness of
the P3HT:dPMMA thin film. Before fitting any thin film sample, the scattering of the blank
silicon wafer was fit to the non-homogenous solid Debye-Anderson-Brumberger (DAB)
model as shown in Equation 4.2.142
𝐴∗𝛼3

𝐼(𝑞) = [1−(𝑞∗𝛼)2 ]2

Equation (4.2)

The scattering of the thin film was then fit to a sum of two solid DAB models, one
that accounts for the scattering of the Si wafer and one that accounts for the scattering of
the phase separated thin film blend. Each DAB model provides a correlation length (𝛼), in
Angstroms, representing the average distance between phases, and a scale factor (A).
Although the scale factor is an individual fitting parameter, it is directly proportional to the
SLD contrast between the two phases (∆𝜌) and their respective volume fractions
(𝜙1 , 𝜙2 ) as described in Equation 4.3:
𝐴 = 8𝜋(∆𝜌)2 𝜙1 𝜙2

Equation (4.3)

The scale factor (A) that emerges from the fits of each thin film blend was divided
by 8π*108 to offer a quantity that represents the phase contrast between the phases and the
volume fractions of each phase. This new scale factor is now defined as *. All SANS
curves were fit using the NCNR SANS analysis macros in Igor Pro.143 Figure 4.4 displays
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Figure 4.3 Small-angle neutron scattering curves of P3HT:dPMMA 5:95 (blue closed
shapes) and 20:80 (orange open shapes) prepared at 209.4 rad/s (triangles), 104.7
rad/s (squares), and 52.4 rad/s (circles).
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Figure 4.4 DAB model fit (black trace) for a P3HT:dPMMA 5:95 sample prepared at
107.4 rad/s.
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the data, an example fit and the residuals for the thin film blend prepared from a 5:95
solution cast at 52.4 rad/s. Similar, excellent agreement for all fits were observed over the
entire Q-range.
Figures 4.5 and 4.6 provide the change in the correlation length (Figure 4.5) and *
(Figure 4.6) as a function of casting speed and blend composition. The correlation length
of each phase is larger for samples containing 20:80 than samples containing 5:95 at each
casting speed. As the casting speed decreases, the correlation length increases from 502 Å
to 845 Å for samples containing P3HT:dPMMA 5:95. The 20:80 samples, on the other
hand, do not exhibit as drastic of an increase of correlation length as casting speed
decreases, where the correlation length for these samples remains around 1000 Å.
Figure 4.6 illustrates the *, which is proportional to the amount of contrast between
the coexisting phases, as a function of casting speed. The phase contrast increases with
increasing casting speed regardless of blend composition. Additionally, an increase in
P3HT concentration at the same casting speed results in an increase in the phase contrast.
Although the samples prepared with solutions of 20:80 always have a larger phase contrast
relative to the samples prepared with 5:95 solutions, the differences in phase contrast
between the two blend compositions are much larger when samples were prepared at 209.4
rad/s relative to the samples prepared at 52.4 rad/s.
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Figure 4.5 Plot comparing correlation length derived from the model fits for both
P3HT:dPMMA compositions 5:95 (blue squares) and 20:80 (orange squares) as a
function of spin speed.
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Figure 4.6 Plot comparing * for both P3HT:dPMMA compositions 5:95 (blue
squares) and 20:80 (orange squares) as a function of spin speed.
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Discussion
Neutron Reflectivity
The dependence of extent of stratification on casting speed differs from that of its
dependence on blend composition. Recent studies define the process of stratification to be
driven by the difference in the surface energy of the two blended materials.74 However, the
surface energy difference alone does not explain the drastic variation in the P3HT volume
fraction depth profiles for the samples investigated in this report. Figures 4.1a and 4.1b
illustrate the changes in vertical ordering observed by changing either P3HT loading or
casting speed. Samples prepared with 20:80 solution blends, regardless of spinning speed,
are richer in P3HT in the stratified layers relative to the samples prepared from the 5:95
samples. This result agrees with previously reported results where the stratification is
driven by the immiscibility of P3HT and dPMMA.127 As the amount of P3HT increases,
the immiscibility of the blend also increases. Equation 4.4 calculates the critical
composition (ϕc(A)) of P3HT, where NA is the degree of polymerization of (~20,000 g/mol)
P3HT and NB is the degree of polymerization of dPMMA (316,000 g/mol), which gives c
(P3HT) = 0.85
𝜙𝑐 (𝐴) =

√𝑁𝐵
√𝑁𝐴 +√𝑁𝐵

Equation (4.4)

All examined blend compositions contain concentrations of P3HT significantly
smaller than the calculated critical P3HT concentrations. However, as the concentration of
P3HT in the blend increases and approaches the critical concentration, the polymer blend
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becomes more immiscible. Thus, the thin films fabricated from solutions comprised of 20%
P3HT phase separate more strongly than the stratified layers fabricated from solutions
comprised of 5% P3HT.
The smaller surface energy of P3HT relative to dPMMA65 drives the P3HT towards
the air interface.56 In all samples, except for the sample cast from a 20:80 blend solution at
52.4 rad/s, P3HT is found at the air interface. Previously reported results indicate that
solutions with high concentrations of P3HT prepared at slow casting speeds result in P3HT
precipitating before the PMMA, due to the poor solubility of P3HT in the casting solvent,
chlorobenzene. The solubility limits for PMMA and P3HT in chlorobenzene, originally
reported in Chapter 3, are re-reported in Table 4.1. The precipitation of P3HT prior to the
complete evaporation of chlorobenzene leads to the formation of a P3HT rich layer at the
Si interface.
In the 20:80 thin film blend prepared at 52.4 rad/s, a thick, highly concentrated
P3HT rich layer is found at the Si interface while a thin P3HT rich layer is also found at
the air interface. The early precipitation of P3HT explains the P3HT rich layer at the Si
interface, yet the P3HT layer at the air interface indicates the thermodynamic forces driving
P3HT to the air interface are not completely inhibited by the precipitation of P3HT. This
segregation of the P3HT to both the air and Si surface results in a lower extent of
stratification than 20:80 films formed at other spin speeds. Arguably, the presence of two
P3HT rich regions represents a more phase separated system relative to a film with only
one P3HT rich region. Overall, however, neutron reflectivity reveals increased vertical
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Table 4.1 Solubility limits of the polymers studied in this chapter.
Sample
350 kg/mol PMMA
20 kg/mol P3HT

Solubility in chlorobenzene
(mg/mL)
198.5 ± 10.9
15.67 ± 0.40
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stratification with reduced casting speeds and increased P3HT concentration.
Small-Angle Neutron Scattering
Figures 4.5 and 4.6 show the correlation length and *, respectively for both blend
compositions as a function of casting speed. The correlation length, interpreted as the
average phase size, is larger for the 20% P3HT samples relative to that of the 5% P3HT
samples, regardless of casting speed. Additionally, the size of the phase domain increases
as casting speed decreases for samples containing P3HT:dPMMA 5:95 from 502 Å, to 625
Å, to 845 Å as the casting speed decreases. The samples containing the 20:80 blend exhibit
relatively consistent correlation lengths (~1000 Å) for all casting speeds.
It has been reported that the solubility of the polymers in the casting solvent play a
role in thin film structure, where transistors fabricated from spin cast P3HT perform more
efficiently when P3HT has a higher solubility in the casting solvent.144–146 The efficiency
of the device is ascribed to an increase in the size and quantity of π-π stacked crystalline
areas.81 Moreover, one method to quantify solvent quality is to determine the radius of
gyration (Rg) of the polymer in casting solvent.104 The radii of gyration of both polymers
dissolved in chlorobenzene are reported in Table 4.2. The correlation lengths of the phase
separated thin film blends are larger than the Rg for either P3HT and PMMA. This indicates
that the domain sizes derived from the DAB model fit to each SANS curve consist of
multiple chains and are not single chain polymer domains.
Figure 4.6 plots the * for each blend composition as a function of casting speed.
Recall that the * is a representation of the compositional contrast between the two phases
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Table 4.2 The radii of gyration for PMMA and P3HT in chlorobenzene obtained via
Zimm analysis with SANS.
Material
PMMA 316 kg/mol
P3HT 19.5 kg/mol

Radius of
Gyration
(chlorobenzene)
213 Å
101 Å
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the two-phase system. Because the * has multiple components: two volume fractions and
the SLD contrast squared, it is non-trivial to interpret the *. Qualitatively, a smaller *
value represents a more homogenous lateral phase distribution lacking lateral phase
separation, while a larger * value represents a more phase separated system in the lateral
direction. Because the * values in Figure 4.6 decrease as spin speed decreases, it is clear
that the samples become more homogenous laterally with increased film formation time.
Figure 4.6 reveals that an increase in P3HT concentration increases the lateral phase
contrast for each spinning speed. The domain compositional contrast increases as the
concentration of P3HT increases because of the inherent enthalpic polymer-polymer
interactions in the blend. Figure 4.6 also shows that samples prepared at the fastest casting
speed, 209.4 rad/s, result in larger phase contrast than samples prepared at the slowest
casting speed, 52.4 rad/s, regardless of the blend composition. Spin speed is directly related
to film formation time and therefore the amount of time a polymer can rearrange before all
solvent evaporates and the film is formed.127 As the casting speed decreases, film formation
time increases, and the phase contrast decreases.
Therefore, the results obtained from NR reveal that an increase in P3HT
concentration and decrease in casting speed elicits increased vertical phase separation.
The results obtained from SANS, however, indicate increased lateral phase contrast with
increased P3HT concentration and an increase in casting speed. Increasing the P3HT
concentration in the blend leads to an increase in phase size while an increase in casting
speed decreases the average phase size. Translating the set of results as a function of
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increased film formation time shows that during film formation, the average phase size
increases and the composition difference between the phases decreases with longer
formation time.
3D Assessment of Final Film Structure
When constructing a comprehensive story that holistically explains the results
obtained from both characterization methods, it is important to remember that each data
set corresponds to a specific sample orientation. To emphasize the respective orientations
of neutron reflectivity and small angle neutron scattering, a schematic illustration of each
method is shown in Figure 4.7. In neutron reflectivity, the reflection is only sensitive to
contrast that occurs in the vertical direction while averaging the scattering over the lateral
foot print of the beam. On the other hand, during a neutron scattering experiment, the
sample substrate is positioned normal to the neutron source and remains stationary for the
duration of scattering collection. This orientation provides the compositional and phase
information in the lateral directions of the thin film, averaging over the thickness of the
sample.
The NR and SANS results may at first glance appear contradictory. A decrease in
casting speed, when the samples are measured with neutron reflectivity, results in an
increase in vertical phase separation, while when the samples are measured with SANS, a
decrease in casting speed results in a decrease in lateral phase separation. To provide a
possible explanation for this discrepancy, Figure 4.8 illustrates potential thin film
morphologies from the perspective of each characterization method that are consistent with
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the observed results. In Figures 4.8a-4.8c, as casting speed decreases, vertical stratification
increases where P3HT (depicted by the purple region) is driven towards the air interface,
and the P3HT region broadens as a function of decreased casting speed. The illustrations
for small angle neutron scattering (4.8d-4.8f) show the lateral phase size growing as a
function of decreased casting speed, and the definition between phases becomes broader.
Additionally, the contrast between phases decreases as casting speed decreases.
The data collected for each characterization method is an average over the
orthogonal direction that it is monitoring. Thus, the presence of a pure phase in one
direction may not be detected by the measurement collected in the orthogonal direction.
For example, if there is a pure P3HT layer parallel to the substrate measured with
reflectivity, it will not contribute to the lateral contrast measured with small angle
scattering. Furthermore, a mixed layer parallel to the substrate measured with reflectivity
are the dominant regions of the film detected by small angle scattering because these are
the regions that contain lateral distribution of both polymers. If Figures 4.8a-4.8c (neutron
reflectivity samples) are used as a guide, the size of these mixed regions that are sensitive
to small angle scattering decreases with a decrease in spin speed. The size of the regions in
Figures 4.8a-4.8c sensitive to SANS (denoted as the light purple gradient between pure
purple and pure white regions) are reduced for samples prepared at 52.4 rad/s relative to
samples prepared at 107.4 rad/s and further reduced relative to samples prepared at 209.4
rad/s. This indicates a possible explanation for the * decrease as a function of casting
speed. P3HT rich layers organize at the air interface during film formation. As the
138

Figure 4.7 Schematic depiction of thin film orientation during both Neutron
Reflectivity (a) and Small Angle Neutron Scattering (b) measurements. The orange
arrows represent the path neutrons take before and after they hit the sample.
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Figure 4.8 Schematic depiction of vertical and lateral phase separation. Illustrations
are representations of reflectivity (a, b, c) and small angle neutron scattering (d, e, f)
samples collected at 209.4 rad/s, 104.7 rad/s, and 52.4 rad/s, respectively.
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concentration of P3HT increases at the air interface, the concentration of P3HT in the broad
P3HT:dPMMA interface decreases. The reduced concentration in a smaller region of the
film sensitive to small angle scattering manifests as a decrease in the lateral phase contrast
in the SANS data.
Another possible explanation for the discrepancy between the decreased phase
contrast in the lateral direction as casting speed decreases, and an increased vertical
stratification with decreased casting speed is the thermodynamic spreading of P3HT
throughout film formation. The Young-Dupré Spreading Coefficient (Equation 4.5)
provides insight to whether two liquids with different surface energies will spread or wet
one another. In Equation 4.5, S is the spreading parameter, 𝛾𝑎 is the surface energy of liquid
a or the bottom liquid, 𝛾𝑏 is the surface energy of liquid b or the top liquid, 𝛾𝑎𝑏 is the
surface energy of the interface between liquid a and liquid b.147
𝑆 = 𝛾𝑎 − (𝛾𝑏 + 𝛾𝑎𝑏 )

Equation (4.5)

If S is positive, thermodynamic spreading is favored and if S is negative, spreading
will not occur. To encourage spreading of liquid b onto liquid a, it is required that liquid b
have a smaller surface energy relative to liquid a. For our case, solvated P3HT is the top
liquid (liquid b) (thermodynamically driven to the air interface), while solvated dPMMA
is the bottom liquid (liquid a). P3HT (liquid b) has a smaller surface energy and is
thermodynamically driven to spread over dPMMA. This spreading process is consistent
with both the vertical stratification measured with neutron reflectivity and the decreased
phase contrast and increased domain size measured with small angle neutron scattering.
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Overall these results indicate that vertical stratification, driven by surface energy and
polymer-polymer interaction parameters, dominates over lateral phase separation because
in addition to thermodynamics driving vertical phase separation, thermodynamic lateral
spreading is also favored for this system.
It is important to note that although thermodynamics explain the trends observed in
this data, it should be noted that this spreading does not always occur. Many polymer blend
studies utilize thermal annealing to attain desired structures. During the annealing step, the
polymers rearrange to decrease the interfacial area148 which may form spherical structures
in the lateral direction. We hypothesize that this also would be the case if the two polymers
did not have such a large surface energy bias.

Conclusion
Small-angle neutron scattering and neutron reflectivity have been combined to
probe the effects of spin casting speed and blend composition on the lateral and vertical
phase separation of P3HT:dPMMA blends. The phase separation was analyzed by coupling
vertical polymer depth profiles from neutron reflectivity to horizontal phase size and phase
contrast provided from analysis of SANS data. These results provide insight into processes
that control phase separation to fabricate films with desired depth and lateral profiles. In
most cases, P3HT was found at the air interface. The only time the P3HT rich layer was
not measured at the air interface was under conditions of increased P3HT concentration in
the blend film and slow casting speed where the solubility limit of P3HT appears to play a
role in film fabrication. Increasing the P3HT concentration in the blend leads to sharp
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horizontal interfaces and increased lateral phase sizes and contrast. Increasing the film
formation time by decreasing the spinning speed leads to an increase in the size and
concentration of the P3HT rich horizontal layer, and an increase in the size of the lateral
phases while reducing the lateral phase contrast. This three-dimensional structural analysis
holds promise to benefit the fabrication of active layers in devices as it provides
fundamental insight into the correlation between processing conditions and 3-dimensional
thin film structure, which is critical to optimize electronic performance.
All results discussed here demonstrate that processing conditions impact the
kinetics and thermodynamics that drive phase separation in the lateral and vertical
directions. Although blends consisting of P3HT and dPMMA, typically studied for their
application in field effect transistors which require sharp horizontal interfaces, were studied
here, the overall conclusions relating bi-directional phase separation to processing
condition can be extended to other systems that require specific vertical or lateral interfacial
conditions. The direct control of lateral and vertical thin film morphology from spin casting
allows for direct design of interfaces for a wide range of applications simply by altering
the processing conditions. Therefore, this research holds promise to streamline the process
of fabricating efficient, durable devices and materials without post-modification of the
material.
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CHAPTER FIVE IMPACT OF SUBSTRATE RIGIDITY ON THE
COMPOSITION AND DENSITY OF FUNCTIONAL MULTILAYER
FILMS

145

Abstract
Polymeric substrates have become increasingly important in the recent drive in
technology to produce flexible displays and mechanically adaptable devices. Multinanoscale layer coatings are often necessary for specific device applications and these
complex coatings are often fabricated by sputtering onto the substrate. Correlating
fabrication conditions to bi-layer structure and performance is currently investigated by
monitoring microstructure via x-ray diffraction, and microscopy, but these techniques do
not provide an understanding of interfacial structure between subsequent layers. The work
presented here investigates the impact of depositing increasingly thick bi-layer films of
indium tin oxide (ITO) and tungsten (W) on flexible (Poly(ethylene terephthalate) (PET))
and rigid (silicon) substrates by utilizing complimentary characterization methods of x-ray
and neutron reflectivity and grazing incidence x-ray scattering to study the depth profiles
and interfacial structure. Sputtering a W layer onto ITO that resides on a silicon substrate
increases the density of the supporting ITO layer as the thickness of the W layer increases.
Interestingly, an increase in the thickness of ITO leads to a decrease in density and
compositional changes, which are dependent on the supporting substrate. Additionally, the
interlayer interfaces of the multilayer on PET broaden relative to those in the multilayer
that is on the silicon substrate. The compositional, density, and interfacial structure
fluctuations are attributed to the difference in rigidity/hardness between the two substrates
and the role of substrate rigidity on the sputtering process. This fundamental study defines
the influence of substrate properties on coating composition, density, and interfacial
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structure; all of which play important roles in the application specific properties and
function of the targeted bi-layers.

Introduction
Multi-layer thin films deliver performance, durability, and desired aesthetics by
incorporating properties of many components into a single applied finish for various
applications and function.44,149 The ability to devise multi-component thin films leads to
efficient production of complex devices, including touch screens and ‘smart’
windows.150,151 Transparent and conductive materials such as tin doped indium oxide (ITO)
are important in the current evolution of such multi-layer films, including in the realm of
liquid crystal displays (LCDs).152,153 LCDs are used in a wide array of applications from
computer monitors, flat screen televisions, telephones, and automobile displays. ITO is the
most widely used transparent conductor in LCDs because it has the best performance in
conductivity, transmission, and stability.154 The inherent properties of ITO are enhanced
by incorporating additional metals such as Ag, Cu, Ga, and Cd which alter the bandgap of
the material and in turn enhance the conductivity and indirectly the transparency of the
films.155,156 ITO is traditionally fabricated onto rigid substrates such as glass or silicon
which are suitable for a range of applications. However, such inflexible substrates have
significant drawbacks such as non-transparency, rigidity, cost, and brittleness when
developing new technology that require flexible smart materials.157
Conjugated polymers are an attractive alternative to metal-based semiconductors
because of the synthetic tunability, ease of processing, and flexibility, however, the
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electrical efficiency does not match metal-based semi-conductors.158 ITO and other oxide
compounds are favorable as electrodes over crystalline polymers because of the ability to
fabricate thin films at room temperature while maintaining the required mechanical
stability and compositional uniformity.153 Room temperature processing is essential for
flexible substrates which lose their optical clarity and surface smoothness at higher
temperatures.159 Poly(ethylene terephthalate) (PET) is widely used as a flexible substrate
in place of silicon for ITO thin films.160,161 ITO is typically mechanically sputtered onto
PET substrates resulting in materials with moderately high mobilities.162 Transitioning to
a polymer based substrate like PET not only opens the door for flexible electronics, but is
also advantageous because the polymer substrate provides flexibility, is light weight, has
low cost, and high durability.163,164
Additionally, scaling up thin film fabrication methods from typical benchtop scale
device fabrication, such as spin-coating, to industrially scaled roll-to-roll processing makes
assembly of large-scale devices more efficient.165 The research regarding the expansion of
applications capable of utilizing ITO on various substrates focuses on optimizing the
electron mobility, electrical resistivity, mechanical stability, and the overall optical
transmittance of the ITO film.166 Oftentimes, the structure or overall depth profile of the
fabricated thin film is overlooked though the correlation between the structure of
conductive materials, as well as the sharp interface necessary for the desired electrical
properties are known.167
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The aim of the current study is therefore to investigate the fabrication of ITO and
tungsten (W) sputtered thin films onto both flexible and rigid substrates, and more
specifically, determine the impact of the supporting substrate on the depth profile of the
deposited films and the interfacial structure between sputtered layers. The structure of the
interface is determined by neutron and x-ray reflectivity and grazing incidence x-ray
scattering. The reflectivity methods provide compositional and density dependent depth
profiles of the thin films while grazing incidence x-ray scattering provides information on
the lateral organization and horizontal interfacial quality of the thin films. The information
provided by these experiments offer insight into the impact of substrate rigidity on
interfacial structure, sputtering film thickness limitations, and provide an additional
method to correlate the processing of the sputtered films to the respective electronic
properties by understanding the structure of the multilayer films.

Experimental
Indium Tin Oxide (ITO), Tungsten (W), Poly(ethylene terephthalate) (PET), and
silicon (Si) were used directly from the supplier. Bi-layer films comprised of ITO (25 and
50 nm) and W (0, 10 and 20 nm) coatings were sputtered onto PET and Si substrates. The
ITO layers are deposited directly onto the substrate and if there is a W layer, it is deposited
onto the ITO layer. An illustration of the thin film orientation is provided in Figure 5.1.
ITO was sputtered with gas flow 10 sccm (4 sccm of 10% oxygen in Argon, 6 sccm
Argon) which in this process equates to a pressure ~10 mTorr. The power was set to 61
watts with a fixed current (~180 mA) and voltage (~340 V). W was sputtered with a gas
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Figure 5.1 An illustration of the thin film orientation where the ITO layers were
sputtered directly onto the substrate and W layers were sputtered onto ITO.
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flow of 10 sccm Argon which in this process equates to a pressure ~10 mTorr. The power
was set to 41 watts with a fixed current of (~100 mA) and voltage of (~400 V).
The bi-layer coatings were characterized with neutron reflectivity, x-ray
reflectivity, and grazing incidence x-ray scattering. Neutron reflectivity experiments were
conducted at the National Institute of Standards and Technology’s Center for Neutron
Research (NCNR) using the NG7 beamline and a Q range of 0.008-0.2 A-1 where Q= 4π/λ
sin(θ); λ is the neutron wavelength, and θ is the angle of incidence. The data for all incident
angles was reduced utilizing the NCNR software.99
X-Ray reflectivity experiments were conducted at the National Institute of
Standards and Technology’s Center for Neutron Research (NCNR) using the Bruker D8
Advance in the reflectometry configuration with a Q range of 0.02-0.25 A-1. The data for
all incident angles was reduced utilizing the NCNR software.99
Grazing Incidence X-Ray scattering experiments were performed at the Duke
University Shared Materials Instrumentation Facility using the SAXSLab Ganesha which
has a 0.154 nm source. The grazing incidence configuration was used with a fixed angle of
incidence (𝛼𝑖 ) of 0.2°. The instrument was calibrated to a silver behenate standard for
accurate analysis. Each data set was stored as a TIFF detector image. Each image was
converted from pixels into 2θ (in-plane diffraction angle) and α (out of plane diffraction
angle) coordinates. Equations 5.1 and 5.2 were used for the calculation of (α, 2θ) where ps
is the pixel size (0.172 mm), d is the sample to detector distance (1041 mm), and (xc,yc) is
the coordinate of the beam center in pixels.
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Results
Neutron and X-ray Reflectivity
Due to the importance of the layer composition and density as well as the interfacial
structure between different layers in sputtered thin films, the depth profile analysis was
determined using both neutron and x-ray reflectivity. Regardless of the source, reflectivity
measurements provide a normalized reflection profile as a function of incident wave vector,
Q. The data obtained from reflectivity was fit using IGOR and the Motofit software
packages using bi-layer models.100 The software provides a scattering length density (SLD)
profile from the model fit of the normalized reflection profile. The SLD profiles are plotted
as a function of distance from the substrate interface where 0 is either the Si or PET
interface.
It is essential to use both characterization methods because of their specific contrast
sensitivities. Neutrons interact with the nucleus of the atom, and thus the neutron scattering
length density of a material is dependent on both the density and the atomic composition
of the material.168 X-rays interact with the electrons in the sample, therefore x-ray
scattering is more sensitive to density fluctuations in the material than small compositional
changes.168 Comparing the results from both characterization methods allows for a
thorough analysis of the density and composition of each layer of the sample’s depth
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profile. The expected SLD values of each component is calculated with the National
Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR)
calculator based on the provided densities and compositions of the deposited layers used
in the following experiments are provided in Table 5.1.
Monitoring the SLD depth profiles of the same sample using both x-ray and neutron
reflectivity provides qualitative assessment of layer thickness, composition, density, and
interfacial breadth and roughness. The composition and the density of each layer can be
calculated from the layer’s SLD and the interfacial breadth and clarity is determined by
inspecting the transition of the SLD profile between each layer. A steep transition indicates
a sharp, well-defined interface while a gradual slope represents a broad interface.
The analyses of the samples are grouped by both substrate and ITO thickness. First
the impact of the deposition of W onto a 25 nm ITO layers is investigated. Figure 5.2 shows
the SLD profiles from neutron reflectivity (a) and x-ray reflectivity (b) of 25 nm ITO layers
deposited on both Si and PET substrates. Each of these profiles exhibits multiple interfaces:
substrate/ITO, and ITO/air or ITO/W and W/air. The 25 nm ITO layers deposited on Si
substrates exhibit sharper interfaces at the ITO/substrate interface relative to the ITO layers
on PET substrates, regardless of reflectivity source. Additionally, the ITO/W interface on
PET substrates is broader than the same interface on Si substrates. The broad nature of the
interfaces when deposited on PET substrates indicates regions consisting of a gradient from
pure PET to pure ITO. Due to the broad interfaces present in the multilayer films deposited
Close inspection of Figure 5.2 shows that both the x-ray and neutron SLDs of the 25 nm
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Table 5.1 The scattering length densities for all the materials in this paper.

Density
Material (g/cm3) Composition
W
19.3
W
ITO
7.11
In18O27SnO2
PET
1.38
C10H8O4
Si
2.32
Si
SiO2
2.32
SiO2

Calculated
Neutron
SLD
(10-6 A-2)
3.00
4.03
2.59
2.07
3.47

Calculated
X-Ray
SLD
(10-6 A-2)
122.0
53.55
12.24
19.98
19.89
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Figure 5.2 The neutron (a) and x-ray (b) SLD depth profiles for 25 nm ITO (Si/red,
PET/dotted dark blue), 25 nm ITO plus 10 nm W (Si/orange, PET/dotted light blue),
and 25 nm ITO plus 20 nm W (Si/pink, PET/dotted purple).
155

ITO layer increases as the W layer is deposited for the samples on Si substrates, while the
SLD of the ITO layer on PET does not appear to change with W deposition. The neutron
SLD of W is slightly larger for the Si substrate samples than on the PET substrate. on PET,
the thickness of the pure region of the applied layers (ITO or W) may be reduced relative
to the same layers on Si substrates. This increase in W SLD for the Si samples relative to
the PET samples is much more apparent in the x-ray SLD depth profiles.
The experimental neutron and x-ray SLDs and thicknesses of the 25 nm ITO layer
are provided in Table 5.2. The increase in the neutron SLD as the W is applied can be the
result of an increase in oxygen in the film or an increase in density. To decouple the
potential compositional or density change, Table 5.2 also provides theoretical x-ray SLD
values based on the experimental neutron SLD. The NCNR SLD calculator tabulates x-ray
and neutron SLDs based on the density and composition of a material. By independently
altering the oxygen content and density of ITO, the calculated SLD changes. Both
composition and density were altered independently until the calculated x-ray SLD
matched the experimental neutron SLD. The x-ray SLDs of ITO with variation of density
or compositional changes are also presented in Table 5.2. Comparison of the theoretical xray SLDs and the experimental x-ray SLD determines whether the change in neutron SLD
is due to changes in the density or composition of the ITO layer. This analysis was
conducted for the samples where the experimental neutron and x-ray SLDs differed from
the expected SLD values. Finally, the last column in Table 5.2 provides the calculated
change in density or composition for these samples.
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Table 5.2 The experimental neutron and x-ray SLD values of the 25 nm ITO layers
as well as the calculated x-ray SLD values based on an ITO composition or density
change. Asterisks denote expected density or composition.

Sample
Si
+ 25 nm ITO
Si
+ 25 nm ITO
+ 10 nm W
Si
+ 25 nm ITO
+ 20 nm W
PET
+25 nm ITO
PET
+25 nm ITO
+ 10 nm W
PET
+25 nm ITO
+ 20 nm W

Neutron
ITO
Layer
Thickness
(Å)

Experimental
Neutron
ITO
SLD
(10-6 A-2)

X-ray
ITO
Layer
Thickness
(Å)

Experimental
X-Ray
ITO
SLD
(10-6 A-2)

Calculated
X-RAY
ITO SLD
Composition
Change
(10-6 A-2)

188

3.85

199

50.6

53.1

51.0

6.8

194

3.90

207

52.1

53.1

52.0

6.95

215

4.04

203

53.8

53.2

53.2

7.11*

194

3.95

208

53.0

53.1

53.1

In18 O27SnO2*

199

3.96

194

53.1

53.2

53.2

In18 O27SnO2*

196

3.94

195

53.1

53.1

53.0

In18 O27SnO2*

Calculated
X-RAY
ITO SLD
Density
Change
(10-6 A-2)

ITO
Density
(g/cm3)
or
ITO
Composition
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Analysis of the Si substrate samples shows that experimentally, the neutron SLD
of ITO increases as the 10 nm W layer is applied, and the neutron SLD of ITO continues
to increase when the W layer is 20 nm. This increase in neutron ITO SLD corresponds to
an increase in the experimental x-ray SLD for these samples as well. The theoretical x-ray
SLD associated with an ITO density increase is close to the experimental x-ray SLDs of
ITO in all the Si substrate samples with 25 nm ITO. For the thickest layer (20 nm) of W
on 25 nm ITO and Si substrate, the experimental neutron and x-ray SLDs are the expected
ITO SLD values. Thus, the deposition of the W layer on the underlying ITO layer results
in an increase in the density of the ITO layer. The change in density of ITO as W is applied
increases with W thickness, where the ITO density in the sample without a W layer is 6.8
g/ cm3, the ITO density in the sample with a 10 nm W layer is 6.95 g/cm3 and the ITO
attains its expected density of 7.11 g/cm3 with a coating of 20 nm W.
The ITO SLD on the PET substrate differed from the ITO SLD on Si substrates.
The neutron and x-ray ITO SLDs on PET did not vary more than 0.5% throughout the
application of the subsequent W layers. Moreover, both the x-ray and neutron ITO SLDs
closely resemble the expected ITO SLD based on the expected density and the
composition. The same experimental protocol and analysis was performed to determine the
impact of depositing W onto 50 nm ITO layers. Figure 5.3 shows the SLD profiles from
neutron reflectivity (a) and x-ray reflectivity (b) for 50 nm ITO layers deposited on Si and
PET substrates. The ITO layers on Si substrates required a 2-layer model to best fit both
the x-ray and neutron reflectivity profiles. The second layer is a thin layer (2-3 nm) at the
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Figure 5.3 The neutron (a) and x-ray (b) SLD profiles for 50 nm ITO (Si/red,
PET/dotted dark blue), 50 nm ITO plus 10 nm W (Si/orange, PET/dotted light blue),
and 50 nm ITO plus 20 nm W (Si/pink, PET/ dotted purple).
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air interface that has a slightly reduced SLD than the layer at the substrate interface. In the
x-ray SLD profile, the thin layer manifests itself as a small dip in SLD while the neutron
SLD profile presents the thin ITO layer near the air interface as a gradual slope and a
broadened interface. Overall, the bulk ITO SLD does not appear to change for the samples
on Si substrates with the deposition of W. The PET substrate samples with 50 nm ITO fit
to a single ITO layer. Relative to the interfaces present in the Si substrate samples, even
with the ITO layer on the Si substrates having a two-layer model, both the PET/ITO and
ITO/W interfaces on PET substrates are broad. Neither the neutron or x-ray reflectivity
SLD profiles of the 50 nm ITO layers on PET exhibit a change in the ITO SLD with the
further deposition of the W layer on top.
Table 5.3 provides the thickness and SLD values of the 50 nm ITO layers for both
neutron and x-ray reflectivity as a function of W layer thickness. The 50 nm ITO layers on
Si substrates have two distinct layers with varying SLDs. These values are provided in
Table 3 where, for each sample, the SLD listed first represents the SLD of the ITO layer
closest to the air interface and the SLD listed second is the SLD of the ITO layer closest to
the substrate. The theoretical x-ray SLDs are calculated in the same way as described
previously for the 25 nm ITO samples. The SLD of the ITO layer near the substrate is only
slightly different than the expected ITO SLD, while the SLD of the ITO top layer is
consistent with a reduced density ITO. The variation in the pure 50 nm bulk ITO layer ITO
(bottom) is consistent with a composition that has 1 less oxygen per unit ITO (3% oxygen
depletion). This is only observed in the ITO sample on Si; the ITO layers closest to the
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substrate in the two 50 nm ITO samples on Si exhibit the expected oxygen compositions.
The thin air surface layer of ITO exhibits a reduction in density relative to both the expected
ITO density and the ITO layer closest to the substrate. The ITO layer closest to the substrate
contains the expected density of 7.11 g/cm3 and the air surface layer ranges in density from
6.7-6.8 g/cm3 dependent upon the thickness of W.
The model fits of the neutron reflectivity curves also show that the 50 nm ITO
samples on PET substrates also contain two distinct ITO layers, where the air surface layer
has the smaller SLD. However, when these samples are measured with x-ray reflectometry,
only a single ITO layer is observed. To simultaneously analyze both experiments, the
neutron SLD serves as a foundation for the calculation of theoretical x-ray SLDs with
compositional or density changes of ITO. The experimental x-ray SLDs are compared to
the theoretical x-ray SLDs to determine either compositional or density changes.
Employing this analysis technique shows that the x-ray SLDs are consistent with an ITO
compositional change. The compositions that correspond to the neutron SLDs for each
layer are provided in the last column of Table 5.3. The orientation of SLDs in the table is
the same as Table 5.2 where the first SLD listed represent the SLD of the ITO layer towards
the air interface and the second SLD listed represents the SLD of the ITO layer closest to
the substrate. ITO layers closest to the substrate retain the expected composition, but the
ITO layers towards the air interface exhibit an oxygen deficiency up to 15%.
A similar analysis was completed to monitor the density or compositional changes
of W for W films deposited onto ITO layers with different thicknesses. The experimental
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Table 5.3 The experimental neutron and x-ray SLD values of the 50 nm ITO layers
as well as the calculated x-ray SLD values based upon an ITO composition or density
change. Asterisks denote expected density or composition.

Sample
Si
+ 50 nm
ITO
Si
+ 50 nm
ITO
+ 10 nm W
Si
+ 50 nm
ITO
+ 20 nm W
PET
+ 50 nm
ITO
PET
+ 50 nm
ITO
+ 10 nm W
PET
+ 50 nm
ITO
+ 20 nm W

Calculated
X-RAY
ITO
SLD
Composition
Change
(10-6 A-2)
53.1

Calculated
X-RAY
ITO
SLD
Density
Change
(10-6 A-2)
50.3

(g/cm )
or
Composition
6.7

Neutron
ITO
Layer(s)
Thickness
(Å)
17.2

Experimental
Neutron
ITO
SLD
(10-6 A-2)
3.77

X-ray
ITO
Layer(s)
Thicknes
s
(Å)
26.7

Experimental
X-Ray
ITO
SLD
(10-6 A2
)
50.0

382

3.90

373

52.0

53.1

52.0

7.0

27.2

3.81

48.6

50.8

53.1

50.5

6.75

390

3.96

353

53.5

53.2

53.2

In18O27SnO2*

30.9

3.73

12.6

51.5

52.9

49.4

6.8

380

3.95

389

53.5

53.2

53.2

In18O27SnO2*

23.2

3.47

52.9

46.4

In18O20SnO2

392

53.6
53.2

53.2

In18O27SnO2*

53.1

50.5

In18O24SnO2

53.2

52.0

In18O27SnO2*

52.9

46.4

In18O20SnO2

53.2

52.0

In18O27SnO2*

400

3.97

20.9

3.76
387

395

3.92

22.7

3.54
382

376

3.95

Density
3

52.9

53.1
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and theoretical SLDs for W deposited on 25 nm ITO for both substrates are provided in
Table 5.4. When W is deposited onto ITO that reside on Si substrates, the 20 nm W layer
attains its expected density (19.3 g/cm3) while the 10 nm W layer has a slightly larger
density of 19.5 g/cm3. When films of the same thickness of W are applied to the ITO that
reside on PET substrates, the density never reaches the expected value of 19.3 g/cm3.
Regardless of the W layer thickness, the density is consistently 19.1 g/cm3 and the
experimental x-ray and neutron W SLDs are in good agreement of W density throughout.
The experimental and theoretical density SLD values of W deposited on 50 nm ITO
for both substrates are provided in Table 5.5. When W is applied on to a 50 nm ITO that
resides on Si substrates, the 10 nm W is slightly denser (19.5 g/cm3) than the 20 nm W
layer that is deposited on the same substrate (19.4 g/cm3). Both of the W layer densities are
slightly larger than the expected density of W (19.3 g/cm3). When W is deposited on the
50 nm ITO layers that reside on PET substrates, the W layer maintains the same higher
than expected density (19.6 g/cm3) regardless of the W layer thickness.
Grazing Incidence X-ray Scattering
Grazing incidence x-ray scattering receives its name because the incident x-ray
beam “grazes” the surface of the sample affording the ability to analyze structures at the
surface. The penetration depth of the incident x-ray is dependent on the material
composition, density, and x-ray incident angle. The penetration depth is only important
when analyzing the in-plane structure, parallel to the substrate. Any scattering that is
detected in-plane describes the surface structures within the penetration depth of the
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Table 5.4 The experimental neutron and x-ray SLD values for W when deposited on
a 25 nm ITO layer as well as the calculated x-ray SLD values based on a W density
change. Asterisks denote expected density or composition.

Sample
Si + 25 nm ITO
Si + 25 nm ITO
+ 10 nm W
Si + 25 nm ITO
+ 20 nm W
PET +25 nm ITO
PET +25 nm ITO
+ 10 nm W
PET +25 nm ITO
+ 20 nm W

Neutron
W Layer
Thickness
(Å)
N/A

W
layer
Experimental
Neutron
SLD
(x10-6 A-2)
N/A

X-ray
W
Layer
Thickness
(Å)
N/A

W
Layer
Experimental
X-Ray
SLD
(x10-6 A-2)
N/A

Calculated
X-RAY
SLD
Density
Change
(x10-6 A-2)
N/A

W Density
(g/cm3)
N/A

105.0

3.04

76.2

124.4

124.2

19.5

197.0

3.00

169.3

123.0

122.9

19.3*

N/A

N/A

N/A

N/A

N/A

N/A

99.1

3.01

77.5

120.3

122.9

19.1

200.9

2.98

157.6

119.5

121.2

19.1
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Table 5.5 The experimental neutron and x-ray SLD values for W when deposited on
a 50 nm ITO layer as well as the calculated x-ray SLD values based upon a W density
change. Asterisks denote expected density or composition.

Sample
Si + 50 nm ITO
Si + 50 nm ITO
+ 10 nm W
Si + 50 nm ITO
+ 20 nm W
PET + 50 nm
ITO
PET + 50 nm
ITO
+ 10 nm W
PET + 50 nm
ITO
+ 20 nm W

Neutron
W Layer(s)
Thickness
(Å)
N/A

Experimental
Neutron
SLD
(x10-6 A-2)
N/A

X-ray
W Layer(s)
Thickness
(Å)
N/A

Experimental
X-Ray
SLD
(x10-6 A-2)
N/A

Calculated
X-RAY
SLD
Density
Change
(x10-6 A-2)
N/A

92.8

3.04

84.8

124.0

124.2

19.5

185.6

3.00

170.8

123.5

122.9

19.4

N/A

N/A

N/A

N/A

N/A

N/A

65.7

3.05

75.0

123.1

124.8

19.6

188.2

3.06

170.8

123.5

124.8

19.6

W
Density
(g/cm3)
N/A
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incident x-ray. For the surface materials (ITO and W), the penetration depth has been
calculated to be ca.1-3 nm. The penetration depth calculation is provided in the Appendix
Figure 5.8.
To analyze the structures normal to the substrate, out-of-plane (α) line cuts were
performed. The penetration depth is not relevant to the out-of-plane analysis as the out-ofplane analysis is performed similar to a reflectivity experiment, where the x-rays penetrate
the entire thickness of the film. The line cut profiles show intensity of scattering as a
function of the wave vector q. The intensity of the scattering is in arbitrary units, however
the relative peak positions in q space provide information about the structures present
normal to the substrate. The transformation from α to Qz space is shown in Equation 5.3
where λ is the wavelength of the source.
𝑄𝑧 =

2𝜋(sin(α∗(

𝜋
))+sin(α𝑖 ))
180

𝜆

Equation (5.3)

The line cuts for samples without W are provided in Figure 5.4. Qualitatively, the
GISAXS curves of the ITO layers on Si substrates exhibit a single sharp peak and lack any
additional structure throughout the q range, indicating no significant out-of-plane structure
on these length scales. The ITO layers deposited onto the PET substrates both show a broad
initial peak. The 25 nm ITO layer shows repetitive fringes throughout the q range while
the 50 nm ITO layer lacks any structure at high q.
The Qz line cuts for W layers deposited on 25 nm ITO and both substrates are
provided in Figure 5.5. The 10 nm W layer deposited onto the 25 nm ITO that resides on
Si exhibits multiple peaks throughout the q range: an initial sharp peak, a secondary sharp
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peak in the middle of a broad fringe, and various broad fringes as the scan approaches
higher q. The 10 nm W layer deposited onto 25 nm ITO that resides on PET exhibits a
broad initial peak in addition to broad fringes at higher q with diverse spacing. The 20 nm
W layers deposited on 25 nm ITO have similar Qz scan profiles regardless of substrate.
Both scans exhibit a sharp initial peak and a small broad peak covering similar q ranges.
Figure 5.6 shows the Qz scan profiles of all W thicknesses on 25 nm ITO and 50
nm ITO layers for both substrates. The scans for both W thicknesses on Si substrates
closely resemble one another where a sharp initial peak is observed proceeded closely by
a broad peak. The differences in these two scans is observed around 1.5 nm-1 where the 10
nm W layer shows some broad structures and the 20 nm W layer does not show any
structure formation at high q. The scans for W layers deposited on 50 nm ITO and PET
substrates show similarity in the broad initial peaks, but the sample with a 10 nm W layer
shows additional broad peak structure throughout the q range while the sample with a 20
nm W layer does not show any observable structure in the higher q range.
Repeats of the PET samples with 25 nm ITO were conducted to better understand
the sharp peak in the 25 nm ITO plus 20 nm W sample. Figure 5.7 shows the PET Qz scan
profiles of all W thicknesses on 25 nm ITO and one set of repeats. The pure 25 nm ITO
and the 25 nm ITO plus 10 nm W samples appear to be repeatable and show similar Qz
profiles. However, the original 25 nm ITO plus 20 nm ITO sample shows a sharp initial
peak while the repeated sample shows a broad peak.
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Figure 5.4 Qz line cuts of the GISAXS two-dimensional detector for Si + 25 nm ITO
(red), Si + 50 nm ITO (gold), PET + 25 nm ITO (blue), PET + 50 nm ITO (green).
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Figure 5.5 Qz line cuts of the two-dimensional detector images for 25 nm ITO + 10
nm W (Si/red, PET/light blue), 50 nm ITO +10 nm W (Si/orange, PET/purple) (a) and
25 nm ITO + 20 nm W (Si/red, PET/light blue), 50 nm ITO + 20 nm W (Si/orange,
PET/purple) (b).
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Figure 5.6 Qz line cuts of the two-dimensional detector images for 25 nm ITO + 10
nm W (Si/red, PET/light blue), 25 nm ITO + 20 nm W (Si/orange, PET/purple) (a)
and 50 nm ITO + 10 nm W (Si/red, PET/blue), 50 nm ITO + 20 nm W (Si/gold,
PET/green) (b).
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Figure 5.7 Qz line cuts of the two-dimensional detector images for PET + 25 nm ITO
(blue), PET + 25 nm ITO + 10 nm W (red), PET + 25 nm ITO + 20 nm W (black) and
their repeats (dashed lines).
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Discussion
The data presented here documents the interfacial sharpness, layer composition,
and density of sputtered bi-layer films of ITO and W onto Si and PET substrates. The
parameter space investigated includes the substrate rigidity, the impact of sputtering W
onto ITO on the density and composition of the ITO layer, and the importance of W or ITO
layer thicknesses on these properties. The impact of these parameters on the structure of
the fabricated films are important to the processing of sputtered thin films with targeted
structure and properties as thin film technology expands from rigid, heavy substrates to
flexible, light weight substrates. The ability to fabricate thin films onto flexible substrates
expands the range of potential applications of the thin films. Additionally, understanding
how the deposition of subsequent materials impact the integrity of previously deposited
layers provides information on the limitations of the flexible substrates, layer thickness, or
fabrication order. The results presented here show that the thin film properties, layer
composition, density, and the interfacial sharpness all varied dependent on the precise
processing conditions of each sample. It is clear the substrate plays a role in the ITO
composition and density fluctuations that are present during the W layer deposition.
25 nm ITO Layers
Figure 5.2 shows the neutron and x-ray SLD profiles of 25 nm ITO samples that
are deposited on Si substrates. As W was applied to the 25 nm ITO layer on silicon, the
neutron and x-ray ITO SLDs increase. On the other hand, the neutron and x-ray SLDs of
25 nm ITO on the PET substrate do not change with the addition of the W layer.
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Interpretation of this data indicates that the SLD increase of the 25 nm ITO layer on the Si
substrates is due to an increase in ITO density as the 10 nm and 20 nm W layers are applied.
This density increase is attributed to the ITO layer compacting under the sputtering power
of W onto the surface.
The changes of ITO SLD, and more specifically the density, as a function of W
layer application on Si substrates, but not PET substrates is attributed to the differences in
hardness of the substrates. The indentation hardness, or the force over a specific area
required to create a deformation, of silicon is approximately 10 GPa169–171 while the
indentation hardness of PET is reported in a range of 100 – 200 MPa.172–176 Because silicon
is orders of magnitude more robust than PET, it is much more difficult for the sputtered
materials to deform the silicon substrate relative to the PET substrate. Thus, with silicon
substrates, ITO becomes more compact (density increase) as the W is sputtered. On the
other hand, when ITO is deposited onto PET and then a metal coating is applied, stress on
the ITO layer can deform the PET layer, minimizing any impact on the density of the ITO
layer. This conclusion is supported by the broad interfaces present in the samples that reside
on the PET substrate. As well, the broader interfaces manifest because of the ability for
ITO to deform and penetrate the substrate. Additionally, the interface between PET and
ITO broadens as the W coating becomes thicker.
50 nm ITO Layers
When characterized with neutron reflectivity, the 50 nm ITO layers on PET and Si
are best modeled with two distinct ITO layers with dissimilar SLDs. The ITO layer closer
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to the substrate has a larger SLD than the ITO layer towards the air interface. The layer
towards the air interface ranges in thickness but is no larger than 3 nm for either substrate.
50 nm ITO Layers on Silicon
When the 50 nm ITO layer on Si is characterized with x-ray reflectivity, a similar
two-layer model is required where the ITO layer at the air interface is 2-3 nm and has a
reduced ITO SLD than the bulk ITO layer at the silicon substrate. The SLD of the air
interfacial ITO layer is smaller than the SLD of the ITO bulk when measured with both xray and neutron reflectivity. This indicates that the density of ITO in the air interfacial layer
is less than the density of bulk ITO. The density of the air interfacial ITO layer is 6.7 g/cm3
for the pure 50 nm ITO sample, increases to 6.75 g/cm3 as 10 nm W is deposited, and is
6.8 g/cm3 for the 50 nm ITO sample with 20 nm W. The air interfacial ITO layer becomes
denser when the W layer is applied and the density increases with W thickness, but the
density of this layer never reaches the density of the bulk ITO.
The density of the bulk ITO layer (closest to the silicon) also changes as the W
layer is deposited. Before the W layer is deposited, the density of the supporting ITO layer
is 7.0 g/cm3, slightly reduced from the expected ITO density of 7.11 g/cm3. With a 10 nm
W layer, the density reaches the expected ITO density. The density increase of both the
bulk and the air interfacial ITO layers is similar to the density increase observed for the 25
nm ITO layer samples as W was deposited. Again, the density increase of the supporting
ITO layer is attributed to the indentation hardness of the substrate and the incapability for
ITO to displace the silicon substrate inducing the compaction of ITO.
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The formation of a less dense ITO layer at the air interface (for the 50 nm ITO
samples) may be the result of voids present in the top layer. However, if voids were present
at the air interface of the ITO layer, the sputtering of W could potentially fill the voids. The
void filling would manifest in the reflectivity experiments as a broadening of the ITO:W
interface and the thin ITO layer with a smaller SLD at the air interface would be
undetectable after sputtering with W. The x-ray SLD depth profile (Figure 5.3b) shows that
the thin ITO layer at the air interface is still detectable after sputtering with W.
Hypothetically, this could mean a couple of different things: if the voids are present in the
air surface-most ITO layer, that the voids are smaller than the sputtered W size, or that the
reduction of ITO SLD at the air interface is not due to the presence of voids. It is important
to note that the density of the ITO layer at the air interface increases as a function of
sputtered W, but the thickness of the surface ITO layer does not change in the model fit.
The increase in surface ITO layer density could represent the filling of voids leading to a
reduction in the quantity of voids present, or a reduction of void size. Regardless of the
mechanism leading to an ITO density increase, the thin ITO layer at the air interface does
not disappear after a 20 nm W layer is sputtered onto the surface and further experiments
are necessary to confirm they hypotheses.
50 nm ITO Layers on PET
When measured with neutron reflectivity, the samples with 50 nm ITO layers
deposited on PET also are fit best with a two-layer ITO model, where the smaller ITO SLD
is towards the air interface. However, when the 50 nm ITO layers are measured with x-ray
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reflectivity, the profiles are best fit with a single-layer model. Neutron reflectivity is
sensitive to both density and composition fluctuations, while x-ray reflectivity is most
sensitive to density fluctuations. Since the x-ray reflectivity profiles only indicate a single
ITO layer while the neutron reflectivity identifies two distinct layers, these layers
(measured with neutron reflectivity) must contain different compositions of ITO. In fact,
the composition of the smaller SLD layer at the air interface contains about 25 percent less
oxygen than the expected ITO composition.
GISAXS Results
To gain more information on the double ITO layer formed in the samples with a 50
nm ITO layer, grazing incidence small angle scattering (GISAXS) was used. GISAXS
simultaneously monitors the structure of the sample both in-plane and out of plane. To
determine the in-plane structure of the films near the surface, an incidence angle less than
the critical angle of the ITO and W coatings was selected. The penetration depth of the
surface coatings, ITO and W, is 1-3 nm, thus the in-plane order obtained from the GISAXS
experiments is at the air interface. The 2D GISAXS patterns for each sample are provided
in the Appendix (Figures 5.9 and 5.10). None of the samples showed scattered intensities
in the in-plane orientation (Qy) indicating a homogenous distribution of material laterally.
Additionally, none of the samples exhibited sharp scattering peaks on the detector,
indicating no clear structuring or ordering on the surface of these films.
The characterization of the out-of-plane structure has some similarities to a
reflectivity measurement however the angle of incidence is held constant throughout the
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measurement. Because of the lack of correlation between the incident and scattered angles,
the out-of-plane structure cannot be determined specifically by peak position, rather
relative peak position provides information on layer thickness.177,178 The out of plane
structure is characterized by taking a Qz line cut, where the distance between interfaces, or
the thickness of each layer, is determined by the distance between the first peak maximum
and other peak maximums present in the Qz profile.
Many times, the first peak in a grazing-incidence profile is termed the Yoneda peak,
and is described as the critical angle of the substrate.179 The Yoneda peak is the most
intense peak in the profile because at the substrate interface, the x-rays undergo total
external reflection. The layer thickness measured with GISAXS follow the thicknesses of
the layers measured with reflectivity and the values are provided in a table in the Appendix
(Table 5.6). Although the Qz line cut from GISAXS provides similar information as
reflectivity, qualitative interpretations are very different. In reflectivity, a profile with many
distinct fringes over the q range indicates well defined interfaces and the lack of fringes
indicates broad interfaces. A GISAXS profile with many fringes or peaks indicates a
presence of correlated roughness of a stratified sample.180 The lack of fringes in any of the
GISAXS profiles does not indicate roughness or lack of interfacial sharpness. Rather, it
indicates a lack of correlated roughness between layers.
Another way to qualitatively examine the interfacial structure of the samples with
GISAXS is to examine the breadth of the Yoneda peak. The breadth of the Yoneda peak
correlates to the breadth of the substrate:layer 1 interface. A sharp Yoneda peak indicates
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a sharp interface, while a broad peak indicates a broad interface. The presence of additional
peaks throughout the Qz profile represents secondary layers and additional interfaces.
Single Layers of ITO
The Qz scans of 50 and 25 nm ITO layers on both substrates are shown in Figure
5.4. The profiles for the films on silicon substrates show sharp Yoneda peaks relative to
the scans of the samples on PET substrates. As expected, the interfaces between the
substrate and ITO are much sharper for silicon substrates than the PET substrates. Also,
regardless of substrate, the interfaces in the 50 nm ITO samples quantitatively sharpen
relative to the 25 nm ITO layers on identical substrates, based on the sharpening of the
Yoneda peak. The reduction of the Yoneda peak width indicates that the interface between
the substrate and the ITO layer becomes increasingly distinct. It appears that the additional
sputtering time required to fabricate an ITO film that is twice the thickness leads to a
sharpening of the substrate:ITO interface.
Bi-Layers of ITO and 10 nm or 20 nm W
Figure 5.5a compares the GISAXS of the films samples that have 10 nm W layers
on the initial ITO layer. The Qz scans for these samples seem to be substrate specific where
the samples with PET substrates resemble one another and the Si substrate Qz scans
resemble one another. However, the samples on PET substrates have broad Yoneda peaks,
whereas the Si substrate samples have relatively sharp peaks. The 25 nm ITO sample on
silicon contains multiple secondary peaks throughout high q that the 50 nm ITO sample on
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silicon lacks. The appearance of secondary scattering peaks in the 25 nm sample indicates
interfacial definition between the ITO and W layers. The lack of interfacial sharpness
between the W and ITO layers in the 50 nm ITO sample with 10 nm W on silicon is
consistent with the results obtained with neutron reflectivity where multiple density ITO
layers were identified. The multiple ITO layers of varying densities measured with
reflectivity manifests as the lack of secondary GISAXS peaks and is interpreted as a broad
ITO:W interface.
Figure 5.5b shows the Qz scans for the samples that have a 20 nm W layer as the
top layer. Unlike the samples with 10 nm W, the thickness of the ITO layers appears to
control the scattering curve, rather than the substrate. In these GISAXS Qz scans, the
scattering curves for the 25 nm ITO layers on Si and PET resemble one another, while the
scattering curves for the 50 nm ITO layers with 20 nm W on Si and PET do not, however,
the scattering curve for the Si substrate with 50 nm ITO and 20 nm W shows a much
broader Yoneda peak than the scattering from the Si sample with 25 nm ITO and 20 nm
W. The sharp PET peak is an interesting result because all of the Qz scans for the PET
substrates typically have broad Yoneda peaks and broad interfaces. The fact that the
scattering curves for the 25 nm ITO 20 nm W sample has a sharp peak may indicate that
the top W layer is thick enough that the PET substrate plays a reduced role in dictating the
broad PET:ITO interface for this sample. Even with the inconsistencies of the sharpness of
the substrate:ITO interface, the sputtering of 25 nm ITO and 20 nm W onto both Si and
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PET all maintain the expected density and compositions of ITO and W calculated from the
reflectivity SLD profiles.
Because of the inconsistencies of the appearance of the sharp ITO:PET interfaces,
repeats were conducted of the PET samples with 25 nm ITO with all three W thicknesses
to better understand the appearance of the sharp PET:ITO interface with 25 nm ITO and
20 nm W. The Qz profiles for these samples are shown in Figure 5.7. The Qz profiles for
25 nm ITO and 25 nm ITO and 10 nm W are similar across the entire q-range both
maintaining broad peaks and broad interfaces. The original Qz profile of the 25 nm ITO
and 20 nm W and the repeat do not match at any point during the q range. The original
profile shows a sharp interface while the repeat sample has broad interfaces, similar to all
the other PET Qz profiles. This result indicates that the sputtering processes of the ITO
onto the PET are inconsistent and of limited repeatability. Further experiments are required
to understand the impact of the sputtering process and the thickness of ITO and W on the
PET:ITO interface.
The total thickness of the 25 nm ITO plus 20 nm W layers is ~45 nm. At this
thickness, the PET:ITO interface is sharper than the other samples on PET substrates. It is
interesting that the Qz profiles of the samples with 50 nm ITO on PET do not also show
increased order at the PET:ITO interface even though this 50 nm ITO sample has similar
thickness to the sample with 25 nm ITO and 20 nm W layer coating. Applying the same
thickness W layer (20 nm) onto a thicker ITO layer (50 nm) does not lead to a sharp
PET:ITO interface. On the other hand, a thick ITO layer (50 nm) plus the same thickness
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W layer (20 nm) on silicon exhibits a Yoneda peak that is broader than the all of the other
silicon substrate samples, but not quite as broad as the PET substrate Yoneda peaks.
These results indicate that not only does a thicker supporting layer of ITO lead to
the formation of second ITO layers at the air interface with different properties
(composition and density) than the bulk, the thickness of the ITO layer modifies the
influence of subsequent layer application. This generally leads to increased sharpness of
the substrate:ITO interface when additional layers are deposited onto a thin ITO layer, but
a broad substrate:ITO interface is retained for thick ITO layers. These conclusions are
supported by the Qz scans presented in Figure 5.6 where the peak breadths vary with the
thickness of W onto 25 nm ITO layers regardless of substrate (6a), while the overall shape
of the Qz profile does not change with W thickness on 50 nm ITO layers regardless of
substrate (6b).

Conclusion
Neutron and x-ray reflectivity experiments provide depth profiles of various ITO
and W bi-layers on silicon and PET substrates. These results indicate that the inherent
properties of the supporting substrate play a crucial role in the interfacial sharpness,
composition, and density of ITO sputtered films. For the most part, the films deposited on
silicon substrate exhibit sharp substrate:ITO interfaces while films deposited on PET
formed broader substrate:ITO interfaces. The 25 nm ITO layers deposited onto silicon
experienced a density increase as a function of the thickness of a W coating. These results

181

are attributed to the differences in substrate indentation hardness where the indentation
hardness of silicon is orders of magnitude larger than PET.
The 50 nm ITO layers contained a thin layer of ITO at the air surface that consists
of a slightly different ITO composition or density relative to the supporting ITO layer. To
better understand this phenomenon, grazing incidence small angle x-ray scattering was
conducted. The GISAXS results show that the samples, regardless of substrate, have
homogenous amorphous in-plane lateral ordering and sample-specific out-of-plane
ordering. In agreement with reflectivity results, the films deposited on PET substrates
generally had broad interfaces relative to those formed on the silicon substrate. The 25 nm
ITO and 20 nm W bilayer deposited on PET substrate did not show a broad interface, rather
the interfacial sharpness of this sample resembled the interface of the 25 nm ITO 20 nm W
sample on the silicon substrate.
The differences in composition, density, and interfacial quality are only observed
with samples consisting of thick (50 nm) layers of ITO or bi-layers. With thicker coatings,
the apparent influence of substrate on the coating properties is greatly reduced. These
results therefore provide fundamental information that document the importance of
supporting substrates and deposition order in the increasingly relevant field of multicomponent coatings deposited onto flexible substrates.
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Figure 5.8 The penetration depth of the incident x-ray on each material. The number
annotations denote the penetration depth (Å) with an incidence angle of 0.2°. The
numbers for each ITO material are density values (g/cm3).
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Figure 5.9 Two-dimensional detector images for the GISAXS measurements of ITO
and W samples on silicon substrates.
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Figure 5.10 Two-dimensional detector images for the GISAXS measurements of ITO
and W samples on PET substrates.
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Table 5.6 The experimental layer thickness as measured with GISAXS for each
sample.

Sample

Thickness of layer
defined by spacing
between peak 1
and peak 2 (nm)

Thickness of layer
defined by spacing
between peak 2
and peak 3 (nm)

PET + 25 nm ITO
PET + 25 nm ITO + 10 nm W
PET + 25 nm ITO + 20 nm W
PET + 50 nm ITO
PET + 50 nm ITO + 10 nm W
PET + 50 nm ITO + 20 nm W
Si + 25 nm ITO
Si + 25 nm ITO + 10 nm W
Si + 25 nm ITO + 20 nm W
Si + 50 nm ITO
Si + 50 nm ITO + 10 nm W
Si + 50 nm ITO + 20 nm W

23.0
11.2
18.1
13.1
16.7
23.6
40.5
28.3
28.3

24.3
31.4
38.5
7.1
5.4
4.3
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Conclusions
The overarching theme of this dissertation is to utilize neutron techniques to investigate
the interfaces in multi-component and multi-layered polymeric materials for a wide range
of applications. According to literature, certain thermodynamic properties are responsible
for developing/maintaining the morphology of effective electronic devices and strong
correlations between structure and device properties exist, but the extent that the processing
conditions and polymer properties impact and control the final film structures and
morphology is often overlooked. Thus, the focus of this dissertation work was to develop
an understanding of these correlations to provide processing guidelines which produce
specific thin film morphologies such as targeted interfacial widths and domain purities
simply by altering the processing conditions.
A series of neutron reflectivity and scattering experiments were performed to study
the structures present in final multi-component thin films fabricated by spin-casting and
sputtering. Neutron reflectivity provides a compositional and density depth profile of thin
films. Neutron scattering experiments paired with specific sample orientation in the beam
and carefully chosen fitting models provide structural information perpendicular to the film
surface to complement neutron reflectivity. The experiments outlined in this dissertation
correlate specific chemical modifications and processing conditions to lateral and vertical
structures in thin films. The results from the experiments indicate that substrate rigidity,
blend composition, and polymer molecular weight play significant roles in the breadth of
interfaces, layer composition, and layer thickness in multi-component self-stratified and
sputtered thin films. Further, the structural properties paired with the thermodynamic of
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the multi-component system and kinetic properties of the deposition process provide
pathways to develop guidelines to tune both the lateral and vertical properties in thin films
including domain purity, domain size, and interfacial breadth.
Kinetic and Thermodynamic Driving Forces in Polymer Blend Self-Stratification
The qualitative methods often used to analyze depth profiles of thin films inhibits
direct assessment and comparison of two structurally different films. To improve the depth
profile analysis and to assess the final films quantitatively, a novel method to
systematically describe the final film morphology of a polymer blend thin film has been
developed. According to this method, the degree of stratification is synonymous with the
degree of vertical phase separation. This method allows for direct evaluation of the degree
of phase separation produced as a result of the specific processing conditions utilized to
fabricate the thin films.
Light reflectivity experiments show that slow casting speeds provide slow solvent
evaporation and long film formation times relative to fast casting speeds and fast solvent
evaporation. Increasing the film formation time, and more broadly, the kinetics of film
fabrication alters the stratification because the polymers are allowed more time to rearrange
in solution to approach an equilibrium. Generally, more stratified thin films emerge when
slower casting speeds are utilized compared to faster casting speeds. However, the
thermodynamic forces responsible for stratification are different for each casting speed.
The results indicate a phenomenon where there appears to be a coupling of the
thermodynamic and kinetic factors that influence film morphology.
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At fast casting speeds, stratification occurs and P3HT is driven towards the air
interface except when the molecular weight of both polymers is equivalent. In this case, a
more homogenous thin film is obtained. At high spin rates and thus films that are formed
very quickly, the degree of stratification is a function of P3HT:dPMMA blend composition
indicating stratification is mostly driven by the immiscible polymer-polymer interactions
and relative surface energies of the two polymers. Not only does the stratification increase
but a sharpened interface between P3HT-rich and dPMMA-rich domains is obtained when
the concentration of P3HT in the blend is increased. At the fastest casting speeds, the lack
of stratification of equivalent molecular weights indicates entropy is a dominant driving
force for stratification because stratification does not occur unless there is a difference in
molecular weight. However, the degree of stratification does not change for specific blend
compositions with varying dPMMA molecular weights. This result indicates that an
entropic difference in molecular weight of the two polymers is strongly coupled to surface
energy and polymer-polymer interactions to drive the stratification pattern.
As the casting speed decreases from the highest casting speed, the impact of the
entropic driving force on the degree of stratification is clearer. At the intermediate casting
speed, each sample exhibits stratification where P3HT is driven towards the air interface
and increasing the dPMMA molecular weight and increasing the P3HT concentration
encourages more stratification in a sample. The samples containing equivalent P3HT and
dPMMA molecular weights exhibit stratification that differ from those prepared at the
fastest casting speed.
An increase in extent of stratification as a function of decreasing casting speed is
obtained for all the P3HT:131,500 g/mol dPMMA blend compositions, but this cannot be
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said for any of the blends containing other dPMMA molecular weights. The trends for
samples prepared at the slowest casting speeds are unclear and indicate that multiple
driving forces are simultaneously dictating and controlling the final film structure.
Moreover, at the longest film formation times, the entropy, relative surface energies,
polymer-polymer interactions, and relative solubility limits of the two polymers in the predeposition solvent all play a role in the final film structure. In fact, at the slowest casting
speed, P3HT rich regions are found not only at the air interface, but at the substrate
interface as well. This is attributed to P3HT prematurely reaching its solubility limit prior
to the final film drying.
These results ultimately provide guidelines to control and moderate the final film
morphology and layering of deposited polymer blend thin films. Although these results
isolate the relative importance of individual thermodynamic parameters, the results also
provide insight into the kinetic factors that couple to the important thermodynamic
properties (entropy, enthalpy, solubility, miscibility) and impact the stratification of a
polymer blend. By intelligently altering the kinetics and balancing the thermodynamic
properties controlled by the polymer blend composition and polymer molecular weight, the
extent of stratification and depth profiles is tailored.
Lateral vs Vertical Phase Separation in Processing of Immiscible Polymer Blends
The information from neutron reflectivity experiments is complemented by smallangle neutron scattering (SANS) experiments which monitors the lateral phase separation
in the same samples investigated with neutron reflectivity. A complete picture of phase
separation has been developed by combining the results from these two orthogonal
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characterization methods to probe the effects of spin casting speed and blend composition
on lateral and vertical phase separation of P3HT:dPMMA blends.
The data suggests that an increase in the P3HT concentration leads to sharp
horizontal interfaces and increased lateral phase sizes and contrast. Increasing the film
formation time by decreasing the spinning speed leads to an increase in the size and
concentration of the P3HT rich horizontal layer, and an increase in the size of the lateral
phases while reducing the lateral phase contrast. This three-dimensional structural analysis
holds promise to benefit device production as a method to better correlate nano and
mesoscale structural changes to changes in electronic performance due to changes in
processing where a single structure analysis may fall short.
Impact of Substrate Rigidity on the Composition and Density of Functional Multilayer
Films
Metallic thin films comprised of varying thicknesses of ITO and W layers were
sputtered onto flexible PET and rigid silicon substrates. Analysis of the films with neutron
and x-ray reflectivity provides composition and density depth profiles of each sample. The
films deposited on silicon substrates exhibit sharp substrate:ITO interfaces while films
deposited on PET formed broader substrate:ITO interfaces. Striking differences among
substrate specific composition and density depth profiles arise as the ITO thickness is
increased. Thin ITO layers sputtered onto silicon substrates reveal increased density as W
layers are sputtered as top coatings. Additionally, thicker ITO layers on both substrates
leads to nanometer thick layers of varying composition (PET) and density (silicon) near
194

the air interface. Grazing incidence x-ray scattering is coupled with reflectivity
measurements to better define surface and sub-surface structures in- and out-of-plane
relative to the substrate. GISAXS results support the reflectivity results and reveal
homogenous amorphous in-plane lateral ordering and substrate-specific out-of-plane
ordering and interfacial breadth where the PET substrates have broader interfaces than
silicon substrates. Consideration of the relative indentation hardness of both substrates
provides an understanding of the varied ITO properties for each specific layer thickness.
Ultimately, the data indicates that substrate rigidity influences interfacial breadth and
increasing the thickness of the coating leads to a reduction of the apparent influence of
substrate on the coating properties.
Summary
The net result from these experiments shows the importance of tracking and
controlling processing conditions of spin casted and sputtered thin films. A subtle change
in polymer blend composition, polymer molecular weight, casting speed, sputtering time,
or substrate rigidity elicits changes in the final film structures such as domain purity,
domain size, and interfacial breadth properties known to impact thin film performance and
stability. Understanding the driving forces for stratification allows for direct modification
of the processing conditions to obtain targeted lateral and vertical thin film morphologies.
Furthermore, these guidelines are primarily foundational, however, paired with the
methodology used throughout this research, one-step processing protocols of a multitude
of polymer blends may be developed.
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Future Work
This research ultimately outlines a methodology to determine the correlation
between processing conditions and thin film structure in multi-component polymer thin
films. Since P3HT and PMMA are widely used for organic field effect transistors and ITO
is employed as a transparent conductive material, the results of these experiments expand
the ability to controllably tailor the final film structure for efficient electronic devices
simply by altering the processing conditions. The conclusions from these experiments
formulate thermodynamic and kinetic guidelines for thin film fabrication that may be
applied to other polymer blend systems where the desired application-specific structures
are known. However, the previous experiments solely focus on the stratification of a
polymer blend where the lowest molecular weight polymer also has the smallest surface
energy. Polymer blends that do not maintain these properties may follow different
guidelines. Thus, further experiments are required to elaborate on the foundational
understanding developed in these experiments.
Stratification of Polymer Blends
A broader survey of blend composition and polymer molecular weight will allow a
more thorough investigation of the thermodynamic hierarchy driving stratification. Blend
compositions comprised of equal parts P3HT:dPMMA or P3HT rich blends will provide
further information on the role of the physical polymer-polymer interaction in phase
separation and completes the composition phase diagram for phase separation. Surveying
a range of P3HT molecular weights including smaller and larger than the dPMMA
molecular weight would decouple the entropic and surface energy driving forces allowing
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for the identification of the dominant driving force for stratification. An ambitious method
to decouple entropic and enthalpic driving forces for stratification is to synthesize a myriad
of P3HT architectures with the focus on altering the degree of branching. This experiment
specifically changes the entropy of the system without changing the molecular weight.
Investigating the effect of solvent quality not only introduces different solventpolymer interactions that may influence film stratification, it will most likely change film
formation time as well. This experiment can be conducted by changing the casting solvent
and by introducing solvent-annealing chamber to the spin casting fabrication method.
These experiments may make deciphering the dominant driving force more difficult
because of the simultaneous changes in thermodynamic driving forces and kinetic drying,
yet each experiment introduces additional processing conditions to further tailor the final
film structures. Neutron reflectivity experiments monitoring the impact of casting solvent
on depth profile paired with small angle neutron scattering experiments of dilute solutions
will ultimately describe the influence the of the solvated polymer morphology on the final
film structure. Introducing solvent annealing during fabrication influences the surface
energy environment by selectively controlling the surface energy at the air interface of the
film. The surface energy can also be changed by silane treatment of the silicon wafers prior
to film fabrication. The silane pretreatment could be designed to mimic the surface energy
of a flexible substrate such as PET. This experiment would decouple the influence of
surface energy from substrate flexibility when utilizing flexible substrates for selfstratification.
Although post-modification procedures are undesirable for scaling up selfstratification to an industrial scale, thermal and solvent annealing may aid in understanding
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the required conditions for desired film morphologies. In-situ neutron reflectivity is made
possible by introducing an on-line solvent and/or thermal annealing chamber. This
chamber allows for direct assessment of the depth profile and the dynamics of phase
separation as it approaches and reaches a solvated state, information only extrapolated from
the structures obtained by changing the casting speed.
Sputtering onto Flexible Substrates
A great deal of potential exists to further investigate the effects of replacing
traditional rigid substrates with flexible counterparts. Elaborate neutron and x-ray
reflectivity studies investigating the impact of sputtering processing conditions such as the
pressure, sputtering power, and gas flow and their impact on depth profiles, and more
specifically, the ITO film thickness, density, and composition on PET substrates in
comparison to the same studies on silicon substrates can provide the fundamental
information necessary to develop conclusive evidence of the implications of utilizing
flexible substrates. Comprehensive grazing incidence x-ray scattering experiments
including several angles of incidence can provide structural information focusing on the
lateral ordering at specific depths throughout the thickness of the films.
Rather than only investigating two ends of the substrate flexibility spectrum,
surveying other substrates can give further insight on the influence of the substrate in
sputtered thin films. The list of possible film components, quantity of components/layers,
and layer thicknesses is endless. Yet a broad study of these parameters paired with the
compositional and density depth profiles and device relevant properties such as
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conductivity, transparency, and mechanical strength will provide preliminary information
regarding processing parameters and structures necessary for effective device performance.
.
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